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Summary 
SUMMARY 
Mycobacterium bovis is an intracellular pathogen that causes tuberculosis in bovine 
species. The principal aim of this thesis was to investigate the role of soil protozoa 
and nematodes in the survival of M. bovis, related to its survival in the soil 
environment, and any role nematodes and protozoa may play in enhancing its 
survival, or in its dissemination through soil. Using sterile soil microcosms, it was 
found that M. bovis was able to survive for at least 128 days in soil, and that the 
presence of the nematode Caenorhabditis elegans and the naked amoeba 
Acanthamoeba castellanii had no significant effect on the survival of M. bovis in 
these microcosms. 
The interaction of C elegans with M. bovis BCG (used as a model organism) was 
investigated. It was found that C elegans could not exist on M. bovis BCG as sole 
food source. This was probably because early larval stages were unable to ingest the 
bacterium. However, more mature nematodes were able to ingest M. bovis BCG, and 
excrete it in a viable state. This suggests that nematodes could play a role in 
dispersing M. bovis in soil. 
Two M. bovis strains and three M. bovis BCG strains were readily ingested by A. 
castellanii. The virulent M. bovis strains were found to persist within the amoeba for 
at least 41 days, suggesting that amoebae may provide an important environmental 
reservoir for this bacterium. In contrast, the M. bovis BCG vaccine strains were 
unable to survive within the amoebae. Hence, the changes that lead to the attenuation 
of BCG have also affected its ability to survive intracellularly in amoebae. This may 
provide a convenient approach for the identification of the genes responsible for, as 
well as analysis of, the relative virulence of different strains of M. bovis. 
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OUTLINE OF THIS INTRODUCTION 
In the following chapter, the TB complex bacteria are introduced as the causative 
agents of tuberculosis. The pathogenesis of the disease is explained, and current 
control methods in humans and cattle discussed. 
The role of wildlife, in particular that of badgers and possums, as reservoirs of M. 
bovis is reviewed, along with current research into control by culling and vaccination, 
testing, and methods to further the understanding of transmission of TB from wildlife 
to cattle. 
Some aspects of the survival of bacteria in the soil environment are addressed, 
particularly their associations with soil protozoa and nematodes. It is hypothesised 
that these organisms may play a role in enhancing the survival of M. bovis in soil. 
Finally, the nematode Caenorhabditis elegans and the naked amoeba Acanthamoeba 
castellanii are introduced as model organisms for this study. 
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Chapter One: Introduction 
1.1 A Brief History of Tuberculosis 
Infectious diseases remain the largest cause of death in the world. Tuberculosis (TB) 
is the leader among these, with an annual death toll of 2 million people (Bloom and 
Murray, 1992). It is estimated that approximately 1000 million people will become 
infected with TB between 2002 and 2020 and that over 36 million will die of the 
disease in this period (WHO, 2002 [Online]). 
Respiratory infection of humans with any pathogenic bacteria of the so-called 
Mycobacterium tuberculosis complex, comprising M. tuberculosis, M. bovis, M. 
africanum, and M. microti, can result in TB (Ashford et al. 2001). 
Regardless of the species, the resulting disease is indistinguishable on a pathological 
or clinical basis (O'Reilly and Daborn, 1995). Currently in the developed world, it is 
estimated that M. tuberculosis causes the majority of human infections, with M. bovis 
(the cause of TB in cattle and other animal species) contributing to a lesser extent 
(possibly 0.5 - 1%), mainly due to reactivation of primary infection (Hardie and 
Watson, 1992; Wigle et al. 1972). Mycobacterium bovis is an important causal agent 
in the developing world, where it causes approximately 10-15% of human cases 
(Ashford et al. 2001). 
Pott's disease (TB of the bones) has been seen in mummified corpses dated to 2000- 
4000 BC, and references to TB in man have been found in the writings of Hippocrates 
(Bloom and Murray, 1992). TB has been seen in various forms throughout history, 
which were originally not seen as connected. Swelling of the lymph glands in the 
neck was called scrofula, TB of the skin was known as lupus vulgaris, while 
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consumption -a more familiar term - was the respiratory form (Bloom and Murray, 
1992). 
TB was viewed as constitutional rather than infectious until 1865, when Jean-Antoine 
Villemin transferred pus and fluid from human and bovine lesions to rabbits that 
subsequently developed TB (Villemin, 1895). The now-famous Koch's postulates 
were derived from experiments using anthrax and TB. 
1.2 The Pathology of TB 
The following section outlines mainly the pathogenesis of respiratory TB in humans. 
TB is a complex disease, and its pathology is still poorly understood. Pathogenesis 
appears due mainly to the ability of M. tuberculosis complex bacteria to survive and 
replicate within alveolar macrophages. Transmission of pulmonary TB from person 
to person is via the respiratory route. Usually, respiratory infection with TB is caused 
by M. tuberculosis, unless it has been contracted from infected livestock (e. g. by 
fanners), in which case it is usually caused by M. bovis. Following inhalation into the 
lungs, bacilli are ingested by phagocytic alveolar macrophages. Many bacilli will be 
killed in the macrophages but some remain, avoiding death by resistance to reactive 
oxygen intermediates such as hydrogen peroxide, and also to nitrogen intermediates 
(Bloom and Murray, 1992; Ashford et al. 2001; McDonnough et al. 1993; Thoen and 
Bloom, 1995). They also block maturation and fusion of phagosomal compartments, 
thereby limiting their differentiation into active vacuoles, and prevent acidification of 
vacuoles (Ashford et al. 2001; Morris et al. 1994; Frehel et al. 1986). 
The bacteria then are able to multiply within and destroy the macrophages. Release of 
the bacteria as the macrophages lyse stimulates the accumulation of other phagocytes. 
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This leads to formation of a lesion known as a granuloma (Ashford et al. 2001). T 
cells, B cells and more phagocytes accumulate around the granulomas, such that 
eventually macroscopic lesions (tubercles) are formed (Salyer and Whitt, 1994). 
The formation of tubercles, which may occur before symptoms have been noted, has 
the effect of walling off the primary infection. 5-10% of infected individuals develop 
clinical disease within the first year. In the rest, dormant but still viable bacilli persist 
within tubercles. Individuals with this stage of disease have- a 10% lifetime risk of 
further developments (Salyer and Whitt, 1994). Expansion of the tubercle may result 
in cavity fonnation when the lesion breaks into a bronchus. This produces a hole in 
the lung, from which large numbers of bacilli are released when the individual 
coughs. In extreme cases, the tubercle may liquefy, creating a growth medium in 
which bacterial loads may reach 109 per millilitre (Bloom and Murray, 1992). The 
inflammatory responses of the body produce weakness and fever, accompanied in the 
later stages of disease by coughing up of bloody sputum. 
In modem times, TB in developed countries is usually confined to the lungs and the 
associated lymph nodes. Bacteria are able to travel from the lungs through the lymph 
and blood systems to other parts of the body causing extrapulmonary TB. This is 
more commonly found to occur in individuals from developing countries than those 
from developed countries (Mims et al. 1993). 
Tuberculosis may also be contracted via the ingestion of bacilli, by the consumption 
of infected meat or milk. If TB has been contracted in this way, the infection is 
usually caused by M. bovis, and is primarily extrapulmonary, often affecting the 
cervical and mesenteric lymph nodes, by invasion from the throat and intestines 
(Mims et al. 1993). This form of TB is far less infectious than respiratory TB, as the 
bacilli are less likely to be shed by coughing. 
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World-wide, extrapulmonary TB comprises approximately 15% of cases of active 
tuberculosis in humans, and has been found in the meninges, peritoneum, lymphatics, 
and gut (Bloom and Murray, 1992). On occasion, young children can develop early 
hematogenous dissemination of bacteria with subsequent formation of small miliary 
lesions throughout the body tissues (Bloom and Murray, 1992). 
Infection of immunocomprornised individuals is often serious, as disease progression 
is accelerated (Read, 1996). Affliction with TB is frequently the first indication of 
infection with HIV, and extrapulmonary disease in people with the virus is common. 
Cure rates with the appropriate course of antibiotics appear to be as good as for 
individuals not infected with HIV, provided the bacteria are sensitive to the agents 
used, and as long as treatment is started early enough (Bloom and Murray, 1992). 
Infection of HIV positive individuals accounted for approximately 10% of the 9 
million TB cases world-wide which occurred each year in the 1990's (Meslin and 
Cosivi, 1995). 
1.3 Control of TB in Humans 
At the start of the 19t" century, the annual human mortality rate from M. tuberculosis 
infection in the US and Europe reached almost 1% of some city populations (Salyer 
and Whitt, 1994). Aggressive programs aimed at eliminating TB were initiated. 
Sanatoriums were introduced, and a public health movement began which resulted in 
ordinances to improve sanitation and slum housing. Cases of TB began to fall with 
improving living conditions - the recorded numbers of pulmonary TB in England and 
Wales fell from 80 788 in 1913 to 42 425 in 1950 (PHLS, 2002 [Online]). 
17 
Chapter I- Introduction 
A vaccine for TB in humans was also developed. At the turn of the century, Nocard 
isolated a virulent M. bovis strain from the milk of a cow with tuberculous mastitis. 
This 'lait Nocard' was transferred to the Institut Pasteur at Lille in France (Oettinger 
et al. 1999), and in 1908 the strain was grown in dispersed culture at the Institute by 
Albert Calmette and Camille Guerin. The morphology and virulence of the bacilli 
were monitored, and at the 39th passage a morphological variant was identified which 
was avirulent in many animal species, and appeared to provide some protection 
against challenge with virulent M. tuberculosis. The 23 1" passage was successfully 
used to immunise a child whose mother had died of TB in childbirth (Bloom and 
Murray, 1992). 
After reports of successful BCG vaccination in 1921, cultures of M. bovis Bacillus 
Calmette Guerin (BCG) were delivered to laboratories throughout the world. They 
were propagated in various countries in different ways, such that ranges of substrains 
exhibiting different morphological, biochemical and immunological differences have 
now arisen. BCG is now the most widely administered vaccine worldwide. 
Mycobacterium bovis BCG is included in the TB complex, despite its inability to 
cause TB. 
The discovery of antibiotics also halted the spread of TB in humans. In 1947 
streptomycin was first used, while in 1952 the anti-mycobacterial agent isoniazid was 
introduced. Current TB therapy is known as Short Course Chemotherapy (SCC). It 
involves taking a combination of the antibiotics isoniazid, rifampicin and 
pyrazinamide over 6-8 months. For those who complete the course, the cure rate is 
over 90% (Bloom and Murray, 1992). Chemotherapy of TB is complicated by the fact 
that after a few weeks of treatment, the symptoms of the disease begin to disappear, 
and many patients fail to complete the course. Relapse into disease will require 
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further treatment, creating the ideal conditions for the selection of drug-resistant 
microorganisms. Multidrug resistance to TB (MDR-TB) is defined as those strains of 
tuberculous mycobacteria resistant to at least isoniazid and rifampicin. 
In order to guarantee compliance and reduce the incidence of strains of MDR-TB, 
directly observed SCC (DOTS) is widely used. Each patient is given a patient 
treatment card, on which treatment is recorded. A health worker administers the 
appropriate drugs daily over the period of treatment, and watches the patient take 
them to ensure that the complete course of chemotherapy is adhered to. After the 
therapy, microscopy of sputum smears taken from patients is used to identify whether 
they are clear from TB. 
1.4 Control of TB in Cattle 
In cattle, TB is caused by M. bovis. Disease can occur in both adult cattle and calves 
(Monies and Head, 1999). Progression is similar to that in humans, with a long 
incubation period and a slow course (Trautwein, 2002). Thirty eight million bacilli 
can be shed per day in faeces by cattle (Hancox, 1999a), and can also be excreted in 
milk (Krebs and The Independent Scientific Review Group, 1997). 
In the UK in the 1930s, 6% of fatal TB cases in humans were caused by M. bovis. In 
1932,40% of slaughtered cattle carcasses were found to have TB lesions, while 0.5% 
of dairy cows produced milk containing M. bovis bacilli (Hardie and Watson, 1992). 
Transmission of M. bovis to humans occurs mainly through drinking infected milk. It 
was found that, in the UK, 8% of raw chum milk samples, and nearly all samples 
from the tanks used to deliver milk to towns in 1945 contained M. bovis bacilli 
(Collins and Grange, 1982). 
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Three measures were introduced to reduce the spread of M. bovis to humans, and to 
reduce its prevalence in cattle. The first of these was pasteurisation. Pasteurisation is 
the heat treatment of milk to kill TB bacilli and other bacteria, and render it safe to 
drink. The majority of milk in the UK has been pasteurised since the 1930s, and 
although unpasteurised milk is still sold from farms, the herds producing it are subject 
to more rigorous testing for TB than those producing pasteurised milk (DEFRA, 
2002). 
Secondly, all cattle carcasses were inspected after slaughter by government-appointed 
inspectors to ensure they were fit to eat. Any affected parts showing evidence of 
lesions were removed and disposed of. 
The final measure taken was that of testing cattle herds to identify animals that carried 
the disease in order to reduce the proportion of infected cattle. Testing was initially 
introduced on a voluntary basis in 1935, suspended during the war, to become 
compulsory in 1950. 
Testing of cattle is done by means of the tuberculin skin test. A mixture of poorly 
defined mycobacterial proteins called Purified Protein Derivative (PPD) is prepared 
from heat-inactivated mycobacterial. culture filtrates (Buddle et al. 2001). The 
proteins are precipitated using trichloroacetic acid, and redissolved. They are injected 
intradermally (100[d of a working dilution of lmg/ml) and the sites are examined for 
increased skin thickness 72 hours later. If the animal is infected a swollen area is 
apparent around the site of injection, a result of CD4+ T cell immune responses. The 
reaction is interpreted by comparing the thickness of the response to M. bovis PPD 
(PPD-B) to that of PPD prepared from M. avium (PPD-A). This is done because 
exposure of cattle to enviromnental mycobacteria such as M. avium can sensitise them 
to mycobacterial proteins. If the PPD-B response is greater than that of PPD-A, the 
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animal is considered infected with M. bovis and is known as a 'reactor' (Morrison et 
al. 2000). Herds containing reactor cattle are immediately placed under movement 
restrictions to prohibit the movement of cattle on or off the farm. Reactors are 
slaughtered, and their carcasses inspected. If no TB lesions are found, the herd is 
tested again after 60 days and all restrictions lifted if the test is clear. If lesions are 
found in slaughtered reactors, the herd is considered to have undergone a 
'breakdown'. The herd continues to be tuberculin tested every 60 days, and must test 
clear in two successive tests in order for restrictions to be lifted (MAFF, 1999). 
In the 1930s, the number of infected cattle was greater than 17% of the total cattle 
within the national herd. By 1960, even though bovine TB had not been completely 
eliminated, the UK was declared attested (TB-free). Tuberculin testing continued, 
and numbers of reactors continued to fall until in 1986 they were less than 0.01% of 
the national herd (MAFF, 1999). Since this date the proportion of herds with reactors 
has inexplicably increased, most markedly in Southwest England, such that the 
proportion of cattle herds with reactors is currently around 4% (The Independent 
Scientific Review Group, 2001a). So far in 2002 there have been 1490 new herd TB 
incidents in the UK, with 1263 of these occurring in the West of England. Over 8000 
animals have been slaughtered as reactors (DEFRA, 2002 [Online]). 
The implications of bovine TB to farmers in terms of financial hardship and 
emotional distress are obvious. The strict legislation concerning bovine TB means 
that affected farms are out of action for at least 60 days every time a reactor is 
discovered in a herd. During this period there can be no movement of cattle on or off 
the farm. If the herd is not found to be clear of TB after the second tuberculin test, it 
is at least a further 120 days (i. e. two subsequent tests), before restrictions can be 
lifted. 
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The problems posed by bovine TB are not limited to the UK. The disease is also 
found in New Zealand, where it persists in cattle and farmed deer at levels above 
International Community Standards for freedom from TB (Griffin and Mackintosh, 
2000b; Pillai et al. 2000; Mackintosh et al. 2002). In some areas of the Kruger 
National Park in Southern Africa, the prevalence of TB among buffalo herds is as 
high as 90% (Tanner and Michel, 1999). Tuberculosis is also a current problem in 
Spain in goat herds (Gutierrez et al. 1988). 
In all these countries, non-bovine reservoirs are implicated as a factor in disease 
prevalence. Contrastingly in the USA, where TB is also a problem in cattle herds, 
non-bovine reservoirs are not thought to be a factor (Pillai et al. 2000). 
Individuals in any country where unpasteurised cows or goats milk is consumed are at 
risk from M. bovis, as are those who work with livestock such as abattoir workers and 
veterinarians ( Robinson et al. 1988; Grange, 1995), although it is currently thought 
that the human risk of contracting TB from cattle in developed countries is small. 
The number of cases of TB in England and Wales caused by M. bovis is around 40 per 
year (DEFRA, 2002 [Online]). Most of these (>75%) are seen in people over the age 
of 50, suggesting that these cases are due to reactivation of latent infections acquired 
before pasteurisation and meat inspection were implemented. 
The risk to human health is higher in developing countries. Mycobacterium bovis 
infection of humans is now of particular concern in Africa, where its transmission and 
that of HIV are both high (Liss et al. 1994), while multidrug-resistant M. bovis has 
been linked to outbreaks of TB in HIV positive patients in hospitals in Madrid and 
Malaga (Samper et al. 1997). 
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1.5 Wildlife Reservoirs of Mycobacterium bovis 
Mycobacterium bovis has an exceptionally large host range, causing disease in cattle, 
primates, cats, dogs, rabbits, pigs, goats, ferrets, badgers, and possums, although 
infection is not self-maintaining in all susceptible species (Ashford et at. 2001; Pillai 
et al. 2000). 
Identified wildlife hosts of M. bovis include cheetahs and lions, baboons, greater kudu 
and duiker in Africa (Keet et al. 1996; Paine and Martinaglia, 1928), possums and 
ferrets in New Zealand (Pfeiffer and Morris, 1991), and badgers in Britain (de Lisle et 
al. 2002b). The badger and possum have received special attention with respect to 
the transmission of TB to cattle. 
1.5.1 Badgers as a wildlife reservoir 
Mycobacterium bovis infection of badgers was first described in Switzerland (Bouvier 
et al. 1957). Badgers were implicated as the main source of infection for cattle in the 
UK after the discovery in 1971 in Gloucester of a badger infected with bovine TB 
IT7. 
kx%ang, 1996). A naturally infected badger population in Woodchester Park, 
Gloucester has been studied since 1977. Some badger social groups have shown a 
consistently high level of TB, while others have not (Smith et al. 1995). The annual 
prevalence of infection in this population has been found to vary between 10.3% and 
17.7% (Delahay et al. 2000). 
Badgers infected with TB can live for many years, and continue to produce young. 
They are unusual in that infection of the kidney and excretion of M. bovis bacilli in 
the urine is much more common than in other species (Morris et al. 1994). Excretion 
of bacilli can be intermittent, and latent infection is possible as in humans (Delahay et 
al. 2000). An ability of some badgers to self-heal has also been reported (Hughes et 
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al. 1996). It appears that male badgers are less able to cope with infection than 
females, as they convert from infected with, but not excreting M. bovis, to excretory 
status, more readily (Wilkinson et al. 2000). Female badgers appear more important 
in the maintenance of infection however, as their presence in the Woodchester Park 
population was associated with new infections, particularly in cubs (Delahay et al. 
2000). 
Actual transmission of M. bovis from badgers to cattle has only been shown to occur 
under experimental conditions. It was demonstrated that healthy calves were infected 
by tuberculous badgers following six months of close contact (Little et al. 1982) and 
that, when inoculated intravenously into cattle, M. bovis from infected badgers 
produced tuberculous lesions (Little et al. 1975). Under normal conditions though, 
wild badgers actively avoid contact with cattle (Benham and Broom, 1989), making it 
unlikely that transmission of M. bovis would occur via bodily contact or expired air. 
There have however, been suggestions that very sick badgers may exhibit abnon-nal 
behaviour and enter cattle sheds, transmitting TB to cattle in this way (Hancox, 
1999b). Importantly, recent studies have shown that 26 badgers from 2 different 
social groups used cowsheds, feedsheds, cattle troughs and other areas of a farm 
(Garnett et al. 2002). Since 3 of these badgers were infected with M. bovis, use of 
cattle farm resources by badgers could be an important mechanism for transmission of 
TB from badgers to cows. 
The most likely route of transmission from badgers to cattle would seem to be via 
ingestion of bacilli in badger urine, faeces, pus from lesions, or bronchial secretions 
deposited on pastureland. Urine and bronchial secretions from infected badgers can 
contain 3xIO5 and 2x 105 M. bovis bacilli per millilitre respectively (MAFF, 1976). 
The infection probability to cows per bite of pasture contaminated with infected 
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badger urine has been calculated to be 3.7x 10-4. In pasture containing badger latrines, 
it is estimated at 1.1 X 10-7 per bite (Hutchinson and Harris, 1999). 
The majority of tuberculous lesions in cattle are associated with the lungs, rather than 
the alimentary tract (King, 1996), so if M. bovis bacilli are ingested whilst grazing 
they do not appear to be setting up infection in the gut. However, bacilli ingested 
whilst grazing may be subsequently inhaled during eructation of ruminal gases 
(Mullenax et al. 1964). Since the infective dose for the alimentary tract is much 
greater than for the respiratory tract, it seems possible that ingested bacilli which are 
subsequently inhaled would produce lesions only in the lungs, and not in the gut. 
Cattle also inhale aerosols whilst grazing, as they have a tendency to sniff at areas of 
interest. Although cows strongly avoid grazing on areas of pasture contaminated with 
badger faeces and urine, urine in areas away from badger latrines is less readily 
detected and sniffed more frequently (Benham and Broom, 1991). Early studies 
suggested that cattle avoided grazing around badger latrines, but more recent studies 
have shown that avoidance of badger latrines declines as' competition for fresh pasture 
increases, and that cattle of lower social order are more likely to graze these areas 
(Hutchinson and Harris, 1999). Most badger latrines are situated where a badger path 
crosses a hedgerow or fence-line. These 'crossing-point' urinations are readily 
accessible to cattle and may increase the risk of disease transmission (White et al. 
1993). 
It is interesting to note that selective grazers such as rabbits and sheep, although 
susceptible to experimental infection with M. bovis, rarely succumb to the disease 
(Hancox, 1999a). Whether this provides evidence for or against the hypothesis that 
cattle in the UK contract TB from badger excreta during grazing is open to conjecture. 
Some have concluded that the badger does not pose as great a risk to cattle in the UK 
25 
Chapter I- Introduction 
as is commonly thought (Hancox, 1999b; Grange and Collins, 1996; Hancox, 1996), 
and that in fact badgers may contract TB from infected cattle by searching for worms 
under cow pats containing excreted M. bovis bacilli (Hancox, 1999a). In this case, the 
apparent correlations between cases of TB in cattle and badgers would reflect 
fluctuations in disease transmission due to factors common to both animals rather than 
transmission between the two populations. 
The Badgers Act of 1973 prompted the issuing of licences for the killing of badgers in 
order to prevent the spread of bovine TB, and the Ministry of Agriculture, Fisheries 
and Food (now DEFRA - Department for Environment, Food, and Rural Affairs), has 
culled badgers in response to herd breakdowns since 1975. Unfortunately, there is no 
current evidence to prove convincingly that the culling operations have had any 
impact on the number of herd breakdowns. Although there is strong circumstantial 
evidence that badgers pose a risk to cattle, the causal link between M. bovis infection 
of badgers and herd breakdowns has yet to be proven, and remains highly 
controversial. 
1.5.2 Possums as wildlife reservoirs 
In 1967, a possum infected with M. bovis was found on a farm in New Zealand 
(Morris et al. 1994). The farm already had a persistent TB problem in its cattle, and 
possums were hence implicated as a wildlife reservoir of the disease. Possums are 
now viewed as the major wildlife reservoir for M. bovis in New Zealand (Buddle and 
Young, 2000). 
Possums do not live in setts like badgers, being solitary. Often, their dens are found 
in close proximity to pastures (Pillai et at. 2000). 
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Unlike badgers, kidney lesions in possums are uncommon. Shedding of bacilli in 
urine and faeces appears to be unimportant, and instead direct contact between 
possums and cattle seems to be the main route of disease transmission (Hughes et A 
1996). Possums will scream at cattle, such that bacilli from lung lesions will be 
produced in aerosols and may be inhaled by cattle (Pfeiffer and Morris, 1991). 
Marsupials are highly susceptible to infection with mycobacteria, and appear unable 
to wall off infection sites (Buddle and Young, 2000). It is common for lesions to 
discharge bacilli to the skin through sinuses (Morris et al. 1994). Cattle have been 
observed to investigate terminally ill possums with their muzzles, and it is likely that 
they also contract M. bovis through this contact (Morris et al. 1994). 
Similarly to badgers in the UK, the evidence that possums transmit TB to cattle and 
fanned deer in New Zealand is largely circumstantial. It is based on the same strain 
being found in both species by DNA fingerprinting, and on the spatial and temporal 
associations of disease (Caley et al. 1999). Unlike badger removal in the UK though, 
control of possums in New Zealand appears to have reduced the incidence of TB in 
cattle. 
Tuberculosis is maintained in possums principally by horizontal transmission linked 
to breeding activity, pseudo-vertical transmission from mother to young, and possibly 
by sequential den-sharing (Morris et al. 1994; Jackson et al. 1995). 
1.6 The UK 5-Point Strategy 
In 1996 a committee, chaired by Professor Sir John Krebs, was appointed by the 
British goveniment to review the evidence of a link between badgers and bovine 
tuberculosis (Bourne et al. 2000). Their findings were published in 1997 (Krebs and 
The Independent Scientific Review Group, 1997), their recommendations accepted, 
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and the Independent Scientific Group (ISG) on cattle TB formed to implement them 
in 1998 (Bourne et al. 2000). 
The UK government has developed a Five-Point Strategy: 0.; , 
1. To monitor M. bovis disease and minimise the risk to human health 
2. To develop a vaccine for cattle against M bovis; 
3. To carry out further research to understand transmission of the disease; 
4. To continue with current tuberculin testing, slaughter, and movement restriction 
policies; 
S. To carry out badger culling trials 
1.6.1 Disease monitoring and Research 
Currently, there are no reliable tests for M. bovis infection for use in live wildlife, and 
data is collected only by post-mortcm examination. Bacterial culture from post- 
mortem specimens still remains the method of choice for diagnosis of M. bovis 
infection, both in cattle and wildlife (de Lisle et al. 2002a). The tuberculin skin test 
is impractical for wildlife, as it requires re-examination after three days (Dalley et al. 
1999). The test is also subject to error in cattle, as it is based on measuring small 
differences in skin thickness. False-positive reactions to the PPD skin test in cattle 
can occur with a range of microbial infections including M. avium and M. 
paratuberculosis, as well as after exposure to enviromnental bacteria (Buddle et A 
2001; Amadori ct al. 2002). On occasion, animals that show negativc rcsults to the 
skin test are subsequently found to be infected. 
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It is hoped that more specific and sensitive tests for cattle and wildlife will reduce 
unnecessary culling of false positive animals, and research is being directed into this 
area. 
The esat-6 gene is absent in environmental species of mycobacteria, and is not present 
in M. bovis BCG (Pollock and Andersen, 1997). The protein it encodes, ESAT-6, is 
an important T-cell target for M. bovis-infected cattle, and a dominant antigen for 
stimulating interferon-gamma (IFN-gamma) responses. A whole blood IFN-gamma 
test based on ESAT-6 has been developed recently which provides a method for re- 
testing cattle 8-28 days after tuberculin skin testing (Buddle et al. 2001). Since esat- 
6 is absent in M. bovis BCG, IFN-gamma responses to ESAT-6 could potentially be 
used to differentiate between M. bovis-infected and BCG-vaccinated animals (Buddle 
et al. 1999; Vordertneier et al. 2002). 
The scrology of M. bovis infection has been used to develop diagnostic tests. For 
example, the protein MBS43, an antibody that binds to MPB83 (a glycosylated 
lipoprotein that is a major target of the antibody response to M. bovis in badgers), was 
used to develop a blocking ELISA, the BELT test, for the detection of M. bovis in 
badgers (Nolan, 199 1). It was found to have 100% specificity and 46% sensitivity but 
was not robust enough for application in the field. A second test, using MPB83 and 
monoclonal antibody to badger IgG has also been developed (the BROCK test). The 
sensitivity was found to be too low (37%) for use in assessing the number of badgers 
carrying M. bovis (Southey et al. 2001; Buddle et al. 2000). However, it has recently 
been shown to be more valuable than culture for assessing the effect of vaccination on 
the number of badgers transmitting the bacterium (Chambers et al. 2002a). 
Early attempts at developing a lymphocyte transformation assay (LTA) using bovine 
and avian tuberculin were unsuccessful, but the comparative LTA of Dalley et al was 
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found to have a sensitivity of 87.5 - 100%, far greater than that of the BROCK test 
(Dalley et al. 1999). The 4-5 day interval between blood sampling and obtaining 
results is though, a disadvantage of the LTA for test and culling programs (Buddle et 
al. 2000). 
Direct detection of M. bovis by PCR amplification of DNA sequences has been 
attempted (Leibana et al. 1995; Wards et al. 1995), but it was concluded that these 
would not replace culture until better DNA extraction procedures could be developed. 
A test identifying specific RNA sequences from cattle tissue specimens - M. tb Direct 
(MTD), has been successfully developed, with a sensitivity of 88-90% (Bollo et al. 
1998). Unfortunately the cost of MTD is considered too high for routine use (Doem, 
1996). 
Strain-typing of M. bovis from herd breakdowns and comparison to M. bovis causing 
disease in the surrounding wildlife hosts would provide invaluable information on the 
epidemiology of disease transfer. Since the full genome sequences of strains of the M. 
tuberculosis complex have been known, PCR-based typing methods have been 
developed, mainly based on detecting the variable-number tandem repeats of 
interspersed repetitive units, or tandem repeats (Skuce et al. 2002). 
The standard method for typing M. tuberculosis strains in humans is IS6110 
fingerprinting. As M. bovis typically only has a few copies of this insertion element, 
it does not show enough variation for this technique to be of use. 
Spoligotyping is a rapid strain-typing technique, which has been developed in recent 
years to directly detect and type M. bovis strains from infected animal tissue, in 
conjunction with BACTEC culture (Roring et al. 1998) and sequence-capture PCR 
(Roring et al. 2000). Strain identification using spoligotyping has shown that badgers 
30 
Chapter I- Introduction 
and cattle in some areas are infected with the same strains of M. bovis, strengthening 
the case for disease transmission between these animals (Costello et al. 1999). 
1.6.2 Vaccines for cattle (and wildlife hosts) 
The main aim for vaccination is to develop a suitable vaccine for use in cattle. 
Research is also taking place into vaccination of wildlife reservoirs. Ideally, a 
vaccine against M. bovis should provoke responses of CD4 TH I helper cells and CD8 
cytolytic T cells on challenge, which should act to reduce cross-infection within and 
between animals (Hughes et al. 1996; Buddle et al. 2002). 
There are two main areas of focus with regard to vaccine type: live attenuated 
vaccines (e. g. M. bovis BCG), and subunit vaccines based on proteins or DNA. Live 
attenuated vaccines typically promote strong cellular immune responses, and often 
require only a single dose to induce life-long immunity. Subunit vaccines usually 
require a number of booster immunisations, but are less likely to interfere with current 
skin-testing regimes (Skinner et al. 2001; Buddle et al. 2000). Any vaccines for use 
in cattle should promote a strong immune response that does not interfere with current 
PPD skin-tcsting regimes. This limits the suitability of M. bovis BCG for cattle as 
vaccination with this bacterium cannot be distinguished from M. bovis infection with 
the PPD skin test, although it remains the only fully tested vaccine available to protect 
humans and animals from TB; infection (Hughes et al. 1996). The BROCK test, or 
other tests based on MPB83 may yet prove useful in distinguishing between infected 
and BCG-vaccinated populations (Southey et al. 2001). 
Initially, trials of BCG as a vaccine for cattle concluded that it was likely to be 
ineffective against natural infection, even though it was protective against 
experimental infection (Haring et al. 1930; Irvine, 1949). Recent studies have shown 
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that, given in low doses, the results are more encouraging, and that BCG may not 
have an effect on PPD skin testing when administered in this fashion (Buddle, 2002). 
BCG may also prove useful in vaccinating badgers and possums, where skin testing 
with PPD is less important. Trials in possums have shown that M. bovis BCG had a 
protective effect when administered subcutaneously and intratracheally (Aldwell et al. 
1995). Reports of vaccination studies on badgers are few. One recent study showed 
that repeated vaccinations with BCG over 42 weeks induced a population of T 
lymphocytes that were reactive to specific antigens in PPD-B (Southey et al. 2001). 
Other studies have shown that vaccination with BCG led to a reduction in the severity 
of disease in possums, ferrets and badgers (Comer et al. 2001; de Lisle et al. 2002b; 
Griffin, 2000a). 
The use of other members of the M. tuberculosis complex, as well as environmental 
strains of mycobacteria has been considered with reference to vaccine development. 
Vaccination with the vole TB bacillus M. microti in the 1940s was found to induce 
immunity to M. bovis in guinea pigs and calves, not however, at substantially different 
levels to BCG (Wells and Brook, 1940; Young and Paterson, 1949). Vaccination with 
the environmental mycobacteriurn M. vaccae has also been attempted (Stanford and 
Grange, 1993), although the results have generally been inconclusive, and in one case 
cattle vaccinated with heat killed M. vaccae showed no protection against M. bovis 
(Buddle et al. 1995). Recently though, research has shown that when administered in 
combination with BCG, killed M. vaccae conferred increased protection to M. bovis 
infection in possums (Skinner et al. 2002). 
The possibility of improving on live attenuated vaccines is intriguing. A recombinant 
live BCG vaccine that expresses interleukin-2 has been constructed, and found to 
enhance production of IFN-gamma (O'Donnell et al. 1994). 
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It has proved difficult to stimulate the appropriate immune responses using 
recombinant DNA and sub-unit vaccines (Buddle, 2002). Vaccination of guinea pigs 
with DNA encoding MPB83 has been shown to reduce the severity of lung lesions, 
although it had no effect on the haemotogenous spread of M. bovis (Chambers et al. 
2002b). Sincc a major aim of vaccination is to reducc sprcad of M. bovis from 
wildlife to cattle, this vaccine could hold promise for use in possums, by reducing 
lung lesions and hence the number of bacilli transmitted aerogenically. 
Vaccination of wildlife reservoirs presents an alternative to current culling strategies. 
It is particularly attractive for control of TB in badgers, which are an ecologically 
important and protected species (Southey et al. 2001). In combination with an 
abortifacient or a contraceptive, vaccination strategies are likely to reduce disease 
levels close to that induced by culling (Smith and Cheeseman, 2002). 
There is little information on the delivery of TB vaccines to wild animals. 
Vaccination of captured badgers may be counter-productive, as the stressful effect on 
the animal may have a negative effect on its subsequent immune response (Hughes et 
al. 1996). Oral vaccination of wildlife (especially foxes) using baits has proven 
effective in rabies vaccination (Smith and Cheeseman, 2002; Hanlon et al. 2002), and 
preliminary studies have shown that bait uptake by badgers may be as high as 80% 
(Hughes et al. 1996). Delivery of vaccines to young badgers is likely to be 
problematic, as they do not leave the sett until they are around 2 months old, by which 
time they could already be infected (Pillai et al. 2000). 
The use of aerosol sprays, which would deliver a vaccine via the lungs, has been 
considered. It is intended that wildlife themselves would activate the aerosol device, 
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although this would mean there would be no way to prevent a single animal from 
receiving multiple doses (Comer et al. 2002). BCG has been administered to 
possums via bait and aerosol sprays, and was effective in reducing the severity of 
subsequent infection with M. bovis (Buddle et al. 2002). 
Further developments are required before vaccination can be a viable proposition for 
control of TB in either cattle or wildlife. 
1.6.3 Culling trials 
Evidence exists that badgers may not represent a source of TB for cattle - for 
example, badgers have not been culled in Northern Ireland, and the incidence of 
bovine TB there is similar to that in South-West England, suggesting that current UK 
badger culling policies may in fact have little impact (King et al. 1998). There is also 
very little spread of TB either within or between badger social groups where there are 
known to be infected individuals (Hancox, 1999a; Hancox, 1999b; Smith et al. 1995; 
Delahay et al. 2000). In the absence of appropriate controlled trials, it has been 
suggested that TB in cattle may be due to farm management practices or climate, 
rather than exposure to infected badgers (Bourne et al. 2000). There is therefore a 
need for a scientific study to be carried out to properly assess the impact of badger 
culling operations on herd breakdowns. 
Krebs and the ISG recognised that the elimination of badgers from large areas of the 
UK countryside was neither politically nor socially acceptable. They recommended 
that instead an experiment should be set up to quantify the impact on TB in cattle of 
culling badgers. This was to involve three treatments: proactive culling of badgers, 
reactive culling following the identification of T13 in cattle, and no culling. Both of 
the culling policies were to include lactating females (Krebs and The Independent 
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Scientific Review Group, 1997). These treatments were to be carried out in 30 areas 
of 100km2, grouped into 10 triplets, but only in areas of the countryside identified to 
be at high risk from bovine TB (so-called 'hot-spots'). Seven triplets have now been 
identified. Proactive culling has been completed in 6 of these, reactive culling in 3, 
and surveying completed in 4 (The Independent Scientific Review Group, 2001b). A 
closed season operates from February to April when females are likely to have 
dependent cubs. Although non-compliance, whether by farmers culling in no-cull 
areas, or by intervention in culls, was estimated unlikely to affect the conclusions of 
the trial (Pain, 1998), culling has had to be suspended in one of the triplets due to a 
significant level of interference. Culling was also forced to stop in 2001 due to the 
Foot and Mouth crisis, but resumed in May 2002 (DEFRA, 2002 [Online]). 
Concerns have been raised that badger removal operations may in fact increase the 
spread of disease by disrupting normal social behaviour of the animals. Undisturbed 
badger populations have a highly structured social system. Groups of between 3 and 
27 share a communal sett and territory range, which is defended against neighbouring 
badger groups (Tuyttens and Macdonald, 1998; Delahay et al. 2000). Removal of 
badgers has the effect of disturbing the social system, such that badgers are more 
likely to roam into neighbouring territories, increasing the possibility of disease 
transmission between groups. 
Differences in the pattern of scent-marking and defecation of badger populations at 
low density after culling may lead to an increase in the level of contact between cattle 
and badger excreta, since cattle are more likely to investigate single faeces than those 
placed in latrines (Hutchings et al. 1999). For this reason, vaccination of badgers 
rather than culling represents an attractive option. 
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Fertility control strategies are also receiving interest (Caley and Ramsey, 2001). They 
do not represent a fast solution, as already infected animals are not removed, but in 
the long term may help to reduce transmission of TB between animals. For example, 
a strategy that prevented female badgers entering oestrus might reduce the frequency 
of inter-group contact due to mating and fighting between male badgers during the 
mating season (Tuyttens and Macdonald, 1998). Since mother to cub transmission is 
believed to occur in badgers and possums (Morris et al. 1994), preventing 
reproduction could also act to lessen the incidence of spread of disease. In New 
Zealand, where possums are viewed to be a pest, a general decline in the population 
would also be beneficial, although it would be detrimental in the case of badgers in 
the UK, which are already a protected species. 
1.7 The Survival of Mycobacterium bovis in the Environment 
The abiotic influences on bacteria in the soil environment are many and varied, and 
include temperature, pH, salinity, water activity and redox potential (Atlas and 
Bartha, 1993). Not all factors have yet been studied to assess their importance for the 
survival of M. bovis bacilli, although some data is available. 
The temperature of the soil envirorunent, (<O - 20'C) is far lower than the optimal 
growth temperature of M. bovis (370C). Exposure to ultraviolet (UV) radiation and 
desiccation, which would occur after deposition of M. bovis bacilli in badger 
products, are both destructive to M. bovis cells (King, 1996; Wray, 1975). 
Low levels of UV radiation, low temperature, and high relative humidity have been 
found to favour the survival of M. bovis (King et al. 1998). This corresponds with 
data suggesting that cattle in South West England are at greatest risk of acquiring M. 
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bovis infection during April and May, when weather conditions are cool and damp. 
(Gallagher, 1982; King et al. 1998; Wilesmith et al. 1982). There is also a 
correlation between herd breakdown and the ingestion of soil by cattle, which peaks 
in early spring when up to 18% of total dry matter intake by cattle may be soil 
(Thornton and Abrahams, 1983). It is interesting also to note that the numbers of 
badgers with advanced TB of the lungs peaks in spring (Gallagher, 1982; Wilesmith 
et al. 1982). This suggests that badgers may be depositing larger numbers of M. 
bovis bacilli onto pastures at this time than during the rest of the year. An alternative 
explanation is that herd breakdowns are a result of cattle to cattle transmission, as the 
spring peak occurs just after cattle are released from overwintering indoors (Hancox, 
1999b). 
Studies have shown that M. bovis is capable of surviving up to one year at I cm below 
the soil surface, and up to two years at Scm below the surface (Genov, 1965). Bacilli 
from bovine lung emulsions were recovered from grass samples after more than 7 
weeks (Maddock, 1933), while a correlation has also been found between soil organic 
matter content and bacterial survival (Stenhouse Williams and Hoy, 1930), with M. 
bovis surviving for approximately 7 months in cattle faeces. Other experiments 
appear to show that the vehicle in which M. bovis bacilli are deposited on pastureland 
may influence survival - while faeces contain fewer bacilli than do urine and 
bronchial secretions, bacilli survival for longer periods of time in faeces (MAFF, 
1976). 
Although experimental data clearly shows that survival of M. bovis in the soil 
enviromnent occurs, there is as yet little evidence on how this survival is achieved, or 
on the precise route by which M. bovis may enter the soil. Although decomposition 
of the carcasses of wild animals infected with M. bovis is believed to destroy the 
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bacteria (MAFF, 1979), there is presently no information as to whether ingestion of 
tissue containing M. bovis by arthropods, worms, and other soil fauna also results in 
its destruction. 
Given that M. bovis is an intracellular pathogen whose natural hosts provide not only 
an optimum temperature, but also the necessary nutrients and shelter required for 
growth, the soil environment would appear to impose severe restrictions on survival, 
let alone replication of M. bovis. Persistence of microorganisms by survival within 
soil-dwelling organisms such as protozoa and nematodes has gained increasing 
interest over the last decade. 
1.8 Nematodes and Protozoa as Reservoirs 
Protozoa and nematodes are members of the soil microfauna (Curry, 1994). They 
occur in grassland soils in approximate numbers of 104 /g and 101_102 /g respectively 
(Bardgett and Griffiths, 1997), and share the same niche in soil, being confined in 
their movement to the water layer surrounding soil particles and in soil pores 
(Bouwman and Zwart, 1994). 
It is well documented that nematodes and protozoa have a particular role to play in 
microbial ecology, leading to changes in the composition and function of the 
microorganisms within soil (Foissner, 1987; Couteax and Bottner, 1994). Since they 
prey on microorganisms, it might be expected that they would act to decrease 
numbers. Instead, they play a role in increasing bacterial activity as well as increasing 
rates of mineralisation in soils (Clarholm, 1985; Clarholm, 1981). 
Protozoa and nematodes affect microorganisms, directly by grazing (feeding) on 
them, thus regulating population size, and indirectly by altering nutrient availability 
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by excreting excess nutrients from ingested microbes (Bardgett and Griffiths, 1997). 
They also play a role in disseminating both microorganisms and organic matter 
through the soil (Couteax and Bottner, 1994). 
Soil nematodes are small, transparent roundworms. Over 15000 species and more 
than 2000 genera have been described (Riddle, 1988; Nielsen, 1967). 
All nematodes are morphologically similar, irrespective of their feeding habits and the 
habitat they live in. They are composed of an outer tube consisting of a cuticle, 
hypodermis, muscles and nerve cells. This surrounds an inner tube, which comprises 
the intestine. The space between these is known as the pseudocoelorn, which in adults 
contains the gonad (Wood, 1988). 
Various forms of diapause are common among nematodes. In some cases of parasitic 
nematodes, these stages are dispersal forms specialised to survive periods between 
host infection (Riddle and Bird, 1985). 
Assigning nematode species to feeding groups (groups with common food sources), 
has proved problematic, in part due to constant changes in nematode systematics, but 
also because some members of the same species may utilise different food sources. In 
light of this, Yeates et al proposed a framework to identify nematode feeding groups 
independent of their taxonomy (Yeates et al. 1993). They identified eight different 
feeding groups: 
1. Plant feeding 
2. Hyphal feeding 
3. Bacterial feeding 
4. Substrate ingestion 
5. Animal predation 
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6. Unicellular eukaryote feeding 
7. Dispersal or infective stages of animal parasites 
8. Omnivorous 
In terms of the soil nematode populations, it is feeding group 3- the bacterial feeding 
nematodes, that could have a direct impact on the survival of M. bovis in the 
environment. 
Nematodes have long been viewed as possible disseminators of bacteria in the soil 
environment. The nematode Caenorhabditis elegans was responsible for the spread 
of Pseudomonasfluorescens through a mushroom crop (Bardgett and Griffiths, 1997), 
while Rhabditis lambdiensis was thought to also spread disease in mushrooms 
(Steiner, 1933), and there have been further reports of the excretion of viable bacteria 
and fungal spores by nematodes (Adamo and Gcalt, 1996; Morrison ct al. 2000; 
Chantanao, 1968; Chantanao and Jensen, 1967). Nematodes extracted from soil all 
over the world have been found to harbour bacteria belonging to the family 
Enterobacteriaceae (Boemare et al. 1996). Bacteria have also been found to adhere to 
the body surfaces of nematodes (Bird, 1987). 
It has been suggested that the ability of nematodes to disseminate microorganisms is 
so great that nematodes in the laboratory should be reared monoxenically, using 
axenized eggs (Boemare et al. 1996). 
Protozoa are unicellular eukaryotes, of which several thousand species have been 
described. They can vary in size from 2- 10OOpm (Curry, 1994). 
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In arable soils, three different types are found: ciliates, flagellates, and naked 
amoebae. It is generally accepted that the majority feed on bacteria, and that 
predation on the bacterial flora is selective (Curry, 1994). 
The naked amoebae are the largest group of bacterial consumers among the protozoa, 
and may account for more than 60% of observed decreases in bacterial numbers 
(Clarholm, 1981). Although ciliates are able to ingest large quantities of bacteria, 
they are restricted to areas of a very high water content due to their size, reducing 
their overall importance (Danso and Alexander, 1927). Grazing by flagellates is 
probably the least important in tenns of impacting bacterial numbers, since many 
species are saprozoic, feeding on dissolved nutrients (Clarholm, 1981). Some soil 
protozoans have the ability to form resistant cysts, and it is these species which tend 
to dominate in soil populations (Cowling, 1994). Cysts may be blown in the wind, 
aiding dispersal in the enviromnent (De Jonckheere, 1991). 
Anoxia is one of the major environmental triggers for cyst formation, as are nutrient 
starvation, cold or heat stress, desiccation, and changes in osmolarity (Lloyd et al. 
2001). Excystment is analagous to the germination of bacterial endospores. 
Amoebae are commonly found to harbour bacterial endosymbionts (Jeon, 1992; Preer 
and Preer, 1984), as well as parasites (Amann et al. 1997). 
Since the discovery that Legionella pneumophila, the causative agent of Legionnaires 
disease, was able to infect and replicate in amoebae (Rowbowtham, 1980), there has 
been increasing interest in the role of protozoa, and biofilms containing protozoa, as 
vehicles for the environmental survival of pathogenic bacteria (Brown and Barker, 
1999). In humans, L. pneumophila enters and replicates within alveolar macrophages. 
It cannot multiply in the environment (Kwaik et al. 1998), but has adapted to 
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parasitise some free-living amoebae, surviving phagocytosis and evading lysosomal 
attack. 
The presence of biofilms has been shown to enhance the survival of mycobacteria in 
environmental samples (Falkinharn III et al. 2001), and M. avium has been found to 
survive within amoeba (Miltner and Bermudez, 2000). These discoveries have lead to 
speculation that protozoa may provide a reservoir for M. bovis on pastureland (Brown 
and Barker, 1999). 
1.8.1 The Nematode Caenorhabditis elegans 
Rhabditis nematodes confine the bacteria they consume within their guts, and so are 
excellent systems to study the enhanced survival of bacteria (Wood, 1988). 
Caenorhabditis elegans is a typical example of a bacterial feeding soil nematode from 
this family. It has a fully sequenced genome of 97 Mb (Wilson, 1999), and its life 
cycle and morphology are well-described (Hodgkin and Doniach, 1997). It is easily 
maintained in the laboratory on both solid and liquid media using a bacterial food 
source (typically Escherichia coli). 
When grown on solid media, C. elegans crawl on one side, on longitudinal cords of 
searn cells which form treads contacting the surface (Wood, 1988). The worms feed 
by pharyngeal pumping of bacteria into the intestine, where they are crushed by 
cuticularized plates and digested. 
Adult C. elegans are approximately Imm in length. The majority of adult nematodes 
are hermaphrodites, and hence reproduction is primarily asexual. Males arise 
spontaneously at low frequency (about I in 500) due to X-chromosome 
nondisjunction, and are able to fertilise hermaphrodites (Wood, 1988). 
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The growth of C elegans, although punctuated by moults, is more or less continuous. 
After hatching about 4 hours after fertilisation, juveniles develop through four stages 
(LI-L4), increasing in size, until the mature adult is formed at the fourth moult 
(Wood, 1988). 
Each fertile adult hennaphrodite is capable of laying in the region of 300 eggs. Under 
optimum conditions the entire cycle is complete within 3 days, and nematodes live for 
about 17 days after reaching adulthood (Wood, 1988). 
Caenorhabditis elegans is able to enter a resting, non-fecding state from the L2 stage, 
known as the dauer larvae. This stage arises in response to envirommental stresses 
such as overcrowding and limited nutrition. The dauer state can only be entered at 
one point in the life-cycle of C elegans, as the environmental factors that signal entry 
are received only by the LI larva (Riddle, 1988). Before dauer phase is entered, the 
L2 stage is prolonged, resulting in a morphologically distinct L2d larva (Golden and 
Riddle, 1984a; Golden and Riddle, 1984b). 
Because of these attributes, C elegans has been viewed as a useful model for studying 
some aspects of ageing (Gershon and Gershon, 2002; Babar ct al. 1999). It has also 
proved to be an invaluable tool for understanding neuronal growth, and cell signalling 
pathways (Kurz and Ewbank, 2000). 
Nematodes are receiving increasing interest as simple models for the study of host- 
pathogen interactions (Strauss, 2000; Aballay and Ausubel, 2002; Kurz and Ewbank, 
2000). C elegans has been used to model infection by Ps. aeruginosa (Tan et al. 
1999; Mahajan-Miklos et al. 2000), and Salmonella typhimurium (Labrousse et al. 
2000; Aballay et al. 2000). 
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1.8.2 The Protozoan Acanthamoeba castellanii 
Acanthamoeba castellanii is a naked amoeba found ubiquitously in the environment. 
Some strains are capable of causing human disease, notably amoebic encephalitis and 
meningo-encephalitis, and keratitis of the comea (Khan, 2001; Kilvington S and 
White, 1994; Turner et al. 2000). Trophozoites of A. castellanii have numerous 
acanthapodia, mitochondria, and a spongisome contractile vacuole system (Lloyd et 
al. 2001). 
Acanthamoeba castellanii is able to produce cysts, enabling increased survival in 
adverse conditions. The outer layer of the cyst wall (exocyst) is believed to be 
composed of an acid insoluble protein-containing material, while the inner layer 
(endocyst) contains cellulose (Connell et al. 2001; Lloyd et al. 2001). Cysts are 
highly resistant to a range of biocides, presumably because of their impermeability 
(Khunkitti et al. 1996). 
Trophozoites of A. castellanii will ingest latex beads, and so have been used to study 
the biochemistry of phagocytosis (Davies et al. 1991; Barker et al. 1992; Barker et 
al. 1993). 
Acanthamoeba castellanii has been used extensively in studies examining the 
interactions between bacteria and protozoa, particularly between it and L. 
pneumophila. It can be maintained easily in the laboratory either axenically, or on a 
bacterial food source. 
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AIMS 
The main aim of this project was to quantify the role played by nematodes and 
protozoa in the survival of Afycobacterium bovis in the soil enviromnent. 
In order to accomplish this, the first objective was to develop a method of detecting 
M. bovis in soil using PCR. This was to encompass a method for the efficient 
extraction of M. bovis DNA from soil, as well as identification of suitable target 
genes. 
The second objective was to study the association between soil nematodes and 
protozoa with AL bovis in soil microcosms, and also in vitro. Caenorhabditis elegans 
and Acanthamoeba castellanii were used as representatives of a soil nematode and 
soil protozoa. 
Due to the pathogenic nature of M. bovis, M. bovis BCG was used as a model 
organism in experiments where health risks were posed. 
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2.1 INTRODUCTION 
2.1.1 Detection of M. bovis in environmental samples 
The overall aim of this study was to quantify the survival of Mycobacterium bovis in 
association with the protozoa and nematodes found in the soil environment. Ideally, 
these interactions should be studied in the natural soil environment. In order to 
accomplish this, a method to identify the presence of M. bovis bacilli in soil is 
required. 
Detection of specific bacteria in samples containing a wide range of other organisms 
poses a problem. Conventional bacteriological culture methods, whilst theoretically 
possible, can prove impractical in enumerating M. bovis introduced into soil 
microcosms. Firstly, the vast array of indigenous fast-growing bacteria and fungi can 
quickly develop on agar plates rich in nutrients. As M. bovis is a slow-growing 
organism, requinng 3-6 weeks for colonies to develop on Middlebrook 7HI 1, fast 
growing colonies will completely mask M. bovis colonies on such media. 
Secondly, culture methods, whilst giving an estimate of viable organisms present, are 
not able to detect any putative viable but non-culturable (VBNC) state organisms. 
Thirdly, direct observations by microscopy are impeded by shadowing effects and 
adsorption of bacterial cells to soil particles (Torsvik, 1995), while cells need to be 
distinctive to be recognised. This is rarely possible without staining of cells. The ZN 
stain for mycobacteria does not distinguish between species, and hence is of no use 
for the identification of M. bovis in soil. 
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Specific markers and molecular methods can help to overcome these problems, and 
facilitate rapid detection of specific microbial cells. 
2.1.2 Use of green fluorescent protein (GFP) as a marker 
GFP is found in the jellyfish Aequorea victoria. It is a protein that fluoresces 
intensely green when excited with blue or near-ultraviolet light (Cubitt et al. 1995). 
It does not require any co-factors or substrates for fluorescence, and is non-toxic to 
cells. The gene encoding GFP was cloned in 1991 (Prasher et al. 1991), and is now 
used as a marker for tracking both prokaryotes and eukaryotes (Lowder et al. 2000). 
It has previously been used in mycobacteria (Kremer et al. 1995), and may be useful 
as a long-term marker to monitor the survival and movement of M. bovis in the soil. 
It will also be useful in investigating the association between M. bovis and nematodes 
and protozoa, as fluorescence microscopy will show the position of GFP-expressing 
M. bovis BCG bacilli within these organisms. 
2.1.3 DNA extraction from soil 
The microbial population of soil is estimated to be 1010 bacteria per gram of soil 
(Torsvik et al. 1990). However, >90% of soil microorganisms are unculturable 
(Torsvik, 1995), so the ability to detect and analyse the diversity of the soil microbial 
populations by molecular means has proved an invaluable tool (Johnson et al. 1996). 
The extraction of total community DNA can help to describe organisms that are 
unculturable. A group of proteobacteria (Planktomycetales) has been described based 
on DNA sequences obtained from soil (Liesack and Stackebrandt, 1992). 
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The first step in any molecular analysis of organisms from soil involves the successful 
extraction of nucleic acids. DNA extraction from soil is generally carried out using 
one of two methods; cells may either be separated from soil particles prior to cell 
lysis, or lysed in the presence of soil particles. The first method (indirect extraction) 
usually results in DNA of higher purity than does the second method (direct 
extraction) (Van Elsas and Smalla, 1995a). Indirect procedures rely on the efficient 
separation of bacteria from soil prior to DNA extraction. The forces binding bacteria 
to soil surfaces vary depending on the soil type (Torsvik, 1995), so extraction 
procedures must be tailored to meet specific requirements. Methods for achieving 
separation of bacteria and soil include differential centrifugation (Faegri et al. 1977) 
and chelating cation exchangers (Hopkins et al. 1991; Macdonald, 1986). 
Indirect extraction can result in a loss of sensitivity, as not all bacteria may be 
recovered from the sample, hence some DNA will be lost (Tebbe and Vahjen, 1993). 
For the purposes of this project, where low numbers of a specific bacterium need to be 
detected, separation of bacterial cells from soil to obtain DNA was considered 
undesirable. This meant that only protocols where bacteria are lysed in the presence 
of soil particles could be considered. 
Lysis of complete soil samples gives poorer quality DNA, which is more 
contaminated with humic acids (Johnson et al. 1996; Tebbe and Vahjen, 1993). 
Humic acids are strongly inhibitory to Taq DNA Polymerase, the enzyme used in 
PCR, and so must be removed prior to PCR (Tsai and Olson, 1992; Tebbe and 
Vahjen, 1993). The methods for achieving this include caesium. chloride-ethidium 
bromide equilibrium density gradient ultracentrifugation, phenol-chloroform 
extraction, glassmilk extraction, and hydroxyapatite column chromatography to name 
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a few (Saano and Lindstrom, 1995), as well as commercial kits. DNA is usually clean 
enough for application to PCR after such steps. 
2.1.4 Use of the Polymerase Chain Reaction (PCR) in detecting specific 
microorganisms 
PCR allows in vitro amplification of DNA to a level detectable on an agarose gel in 
hours, a vast improvement on the weeks required for culturing slow growing 
organisms such as M. bovis on agar. Prior cultivation of organisms is unnecessary, 
and so the problems of conventional isolation techniques are negated. 
PCR has been successfully used for the detection of microorganisms in food (Wernars 
et al. 1991; Golsteyn Thomas et al. 1991), aquatic enviromnents (DeLeon et al. 
1991), and in clinical samples (Noordhoek et al. 1994). 
PCR has also been used to detect the range of microorganisms in the soil. For 
example, primers for the 16S rRNA gene have been developed to analyse the diversity 
of non-tuberculous mycobacteria in soil (Mendurn et al. 2000). PCR has also been 
used to enumerate and track specific bacteria in the soil environment; Mycobacterium 
chlorophenolicum PCP-1, a pentachlorophenol degrading bacterium which has been 
used in the bioremediation of polluted soils, was detected in soil samples using 
primers targeted to the 16S rRNA gene. In this case, the limits of detection were 3 
106 introduced cells per gram of peaty and sandy soils, and 3x 102 cells per gram of a 
loamy soil (Briglia et al. 1996). Non-culturable Salmonella typhimurim surviving in 
soil have been identified by PCR (Marsh et al. 1998), demonstrating the power of this 
technique when compared to culture. 
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Various methods have been employed to improve the sensitivity and specificity of 
PCR procedures employed to amplify DNA extracted from soil. 'Hot Start' PCR 
avoids mispriming by only allowing extension of the DNA strand to occur when all 
reaction components have reached denaturing temperature. Touch-down PCR 
prevents mispriming at the start of reaction cycles by using an initially high annealing 
temperature. This increases the specificity of initial primer-target binding, and the 
progressive lowering of annealing temperature then allows more efficient 
arnplification (Van Elsas and Wolters, 1995b). In booster PCR, the first few cycles 
are run using lower than normal primer concentrations (Picard et al. 1992). Nested 
PCR, in which the product of one PCR amplification is used as template for a second, 
utilising primers internal to the first set, not only increases sensitivity of the reaction 
but also specificity. 
2.1.5 16S rRNA gene 
Ribosomal RNA is an essential constituent of bacterial ribosomes, and is highly 
conserved, making it an ideal target for the identification of bacteria by molecular 
means (Rogall ct al. 1990). 
16S rDNA is widely used for phylogenetic analysis at genus and species levels. 
Genus-specific and non-specific primers are used, together with sequence analysis of 
the PCR product, to survey the range of bacteria present in communities. This 
approach has been utilised to differentiate Mycobacterium spp. (Rogall et al. 1990). 
Rare sequence changes occur which are specific to particular groups or species (Gray 
et al. 1984; Dams et al. 1988) This has enabled species-specific primer design for 
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specific bacteria, including members of the phylum cytophaga-flavobacter- 
bacteroides (Manz et al. 1996), as well as streptomycetes (Huddleston et al. 1997). 
Members of the M. tuberculosis complex have a single, highly conserved rRNA 
operon (Kempsell KE et al. 1992; Frothingharn et al. 1994). A highly variable 
region has been identified in the 16S rDNA of the M. tuberculosis complex, so design 
of species-specific primers to differentiate between very closely related species is 
possible (B6ddinghaus et al. 1990). 
2.1.6 IS6110 insertion sequence 
Insertion sequences, which are DNA elements present in multiple copies per genome, 
represent a second possible target for PCR. Insertion sequence IS6110, also known as 
IS986 and IS987, is a member of the widely distributed IS3-like family of insertion 
sequences, and is the most extensively studied of the mycobacterial insertion 
sequences (Hermans et al. 1990b; Hermans et al. 1990b). It is present in M. 
tuberculosis complex strains in copy numbers ranging from 0 to over 20 (Guilhot et 
al. 1999). Mycobacterium tuberculosis strains usually have multiple copies of 
IS6110, whereas M. bovis and M. bovis BCG strains usually have a low copy number. 
Primers targeted to IS6110 are already in use in the clinical diagnosis and typing of 
M. tuberculosis by PCR (Hennans et al. 1990b; Noordhoek et al. 1994). A standard 
methodology has now been agreed to enable comparison of M. tuberculosis typing 
results from different laboratories (van Embden et al. 1993). 
Originally, IS6110 was thought to be specific to M. tuberculosis complex bacteria, but 
it has now been demonstrated that IS6110 homologues are found in other 
mycobacteria including M. avium, M. fortuitum, and M. kansasii (Kent et al. 1995; 
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McHugh et al. 1997; Hellyer et al. 1997). Because of this, caution must be exercised 
in using this as a target for detection of M. bovis in soil, as other mycobacteria present 
may also be detected. 
To study the interaction of M. bovis with the nematodes and protozoa found in the soil 
enviromnent, a protocol for the extraction of DNA of sufficient quality for application 
to PCR had to be established. A PCR protocol for the specific detection of M. bovis 
was developed, with l6s rDNA and the ISGIO insertion element as possible targets. 
Due to the pathogenic nature of M. bovis, M. bovis BCG Pasteur was chosen as a 
model for M. bovis. A plasmid containing antibiotic resistance genes and GFP was 
used to transform BCG to allow its selection using antibiotics, as well as expression 
of GFP for use in its detection in in vitro studies involving protozoa and nematodes. 
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2.2 MATERIALS AND METHODS 
2.2.1 Growth of bacterial cultures 
Mycobacterium bovis BCG Pasteur (ATCC 35734) was used as a non-pathogenic 
model for M. bovis. It was cultured at 371C in Middlebrook 7119 broth as described 
in Appendix I (Culture methods). 
2.2.2 Establishment of marked strains 
M. bovis BCG Pasteur (ATCC 35734) cells were made electrocompetent and were 
transformed with the shuttle plasmid pUS1883 (obtained from Dr. A. McBride, 
University of Surrey) (see fig 2.1) by electroporation (Parish and Stoker, 1998). 
Plasmid pUS1883 contains a GFP gene and the kanamycin resistance gene aph, from 
Tn5, which are driven by the 18KDa antigen promoter from M leprae. The 
transfonned strain M. bovis BCG Pasteur pUS1883 was cultured identically to M. 
bovis BCG Pasteur, except that kanamycin (15[ig/ml) was added to the culture 
medium (see Appendix 1, Culture methods). 
2.2.3 Purification of mycobacterial genomic DNA from pure culture 
M. bovis BCG Pasteur pUS1883 was grown in 7H9 broth as described in Appendix 1. 
Cellular lysis was aided by ovemight culture with I mg/I cycloserine. Cultures (I ml) 
were pelleted by centrifugation for 20 mins in a microcentrifuge at high speed. 
Bacteria were re-suspended in 400ýLl 0.3M sucrose in 
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P(18K) 
RBS 
18 kDa CDS 
RBS 
GFP 
MYCO ORI 
KN(R) 
URI 
Figure 2.1 Shuttle plasmid pUS1883 containing genes for kanamycin 
resistance KN(R) and green fluorescent protein GFP driven by the 18KI)a 
promoter. The plasmid also contains two origins of replication, and can be 
expressed in Escherichia coli (ORI) and mycobacteria (MYCO ORI). 
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TE buffer with freshly made lysozyme at a concentration of 2mg/mI, and incubated at 
37T for I hour. EDTA (5OmM), Sodium dodecyl sulphate (SDS) (1% v/v), and 
proteinase K (0.2 mg/ml) were added, followed by incubation at 551C for I hour. An 
equal volume of phenol-chloroform was then added, and the solution was centrifuged 
for 5 mins in a microcentrifuge at high speed. The aqueous layer was treated with 
RNAse A (20gg/ml) for 10 mins, before 2 further phenol-chloroform extractions were 
carried out. One tenth vol 3M sodium acetate (pH 5.4) and 0.7 vol isopropanol were 
added, and the solution was centrifuged for 20 mins in a microcentrifuge at high 
speed. The pellet was washed with 70% ethanol, air dried, re-suspended in 50[11 TE 
buffer (pH8), and stored at 4*C. 
2.2.4 Soil Seeding 
The soil used in all experiments was a standard sandy soil from Merrist Wood 
Agricultural College (Guildford, Surrey), taken at a depth of 20cm. It had been under 
pasture for at least 15 years. The soil was a sandy soil (Holiday Hills series). The 
organic matter content was 1.6% by weight and the particle ratio was 10: 9: 81 clay: 
silt: sand, the pH (H20) was 6. The soil was sieved with a 2mm-aperture sieve and 
stored at 40C until used. 
Soil was seeded with Mycobacterium bovis BCG Pasteur pUS1883 in 100[d 
Maximum Recovery Diluent (MRD) per gram soil (wet weight) to a density of 
approximately 108 cells/g (bacterial numbers were approximated using optical density 
at 600nm). 
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2.2.5 CTAB DNA extraction method (Zhou et al. 1996) 
One mg Proteinase K was added to 13.5ml DNA Extraction Buffer (100rnM Tris-HCI 
pH8,100mM EDTA, IOOmM sodium phosphate pH 8,1.5mM NaCl, 1% CTAB). 
Five grams of soil were mixed with this and incubated with shaking at 37'C for 30 
mins. One and a half ml 20% SDS was subsequently added and the mixture was 
incubated in a 65'C water bath for 2 hours, with gentle inversion every 15-20 mins. 
The mixture was then centrifuged for 10 mins at 3000 rpm, the supernatant removed, 
and the pellet extracted twice more by adding 4.5ml extraction buffer and 0.5ml. 20% 
SDS, using vortexing, incubation at 65'C for 10 mins, and re-centrifugation. 
The three supernatant fractions were combined, and extracted with an equal amount 
of chlorofonn: isoarnyl alcohol (24: 1). The aqueous phase was recovered by 
centrifugation, and the nucleic acids precipitated with 1/10 vol. 3M sodium acetate 
(pH 5.4), and I vol. isopropanol. A pellet was obtained via centrifugation at 15000 
rpm for 15 mins, and washed with 60% ethanol. The pellet was dried at room 
temperature overnight, or in an oven for 10 mins, before re-suspension in TE buffer to 
a final volume of 200gl. This DNA suspension was then purified using Wizard DNA 
Clean-Up Columns (Promega) and eluted in a final volume of 50pil TE buffer. 
2.2.6 2x TENS buffer DNA extraction method (adapted from (Kuske et al. 
1998) 
Half -Ig soil was put into a ribolyser tube, and resuspended in Iml 2x TENS Buffer 
x TENS is 50mM Tris-HCI pH8,20mM EDTA, 100mM NaCl, and 1% SDS). 
This soil suspension was incubated in a water bath set at 701C for 20 mins, cooled on 
the bench, and ribolysed twice at setting 4.5 for 45 secs (the Hybaid RiboLyserTm is a 
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high speed bench-top reciprocating device for efficient disruption of cells). The 
suspension was again cooled on the bench, and microcentrifuged at high speed for 10 
mins. The supernatant was collected, and nucleic acids were precipitated using 1/10 
vol. 3M sodium acetate (pH 5.4) and 0.7 vol. isopropanol. A pellet was obtained via 
centrifugation at 15000 rpm for 15 mins, and washed with 70% ethanol. The pellet 
was dried at room temperature overnight, or in an oven for 10 mins, and re-suspended 
in TE buffer to a final volume of 400[d. The DNA suspension was then purified 
using Wizard DNA Clean-Up Columns (Promega) and eluted in a final volume of 
50gl TE buffer. 
2.2.7 MoBio Laboratories Inc. Soil DNA extraction kit 
250mg soil was applied to a MoBio Laboratories Inc. soil DNA extraction kit. This is 
designed to isolate DNA from soil in less than 30 minutes, incorporating a bead- 
beating step to achieve lysis of cells. 
All three DNA extraction procedures were applied to both soil seeded with M. bovis 
BCG pUS1883 cells and unseeded soil. The extracted DNA was then subjected to 
analysis by gel electrophoresis and PCR. 
2.2.8 PC R 
Three PCR procedures were developed for the detection of M. bovis BCG Pasteur: 
1. The 16S rRNA gene was targeted using oligonucleotide primers 246, 
AGAGTTTGATCCTGCTCAG, and 264, TGCACACAGGCCACAAGGGA 
producing a product 1027bp in length (B6ddinghaus et al. 1990). Reaction mix 
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was: PCR Buffer to Ix (Qiagen), dNTP mix (Sigma) 200ýM each, 10% glycerol, 
0.5U HotStarTaq (Qiagen), Primers 246 and 264 (Genosys) at 0.2ýM each, and 
sterile water were combined to a total reaction volume of 20ýd. Cycling 
conditions were: 95'C for 15 mins, 94'C for 1 min, 60'C for 1 min, 72*C for 1.5 
mins x35 cycles, final extension at 72'C for 10 mins, and a 4*C hold. 
2. A semi-nested reaction using the product generated by the above reaction was 
subsequently carried out. For this reaction, primer 246 was replaced with 16SP2, 
TCCGGAATTACTGGGCGTAA, producing a product 493bp in length. One gl 
of the amplified DNA from the first-round reaction was used as template. 
Amounts of reagent used were identical to the first-round reaction, except that 
primer 246 was replaced with primer 16SP2. Cycling conditions used were: 95'C 
for 15 mins, 94'C for I min, 60'C for 1 min, 72'C for I min x 35 cycles, final 
extension at 72'C for 10 mins, and a 4'C hold. 
3. Oligonucleotide primers INS 1, CGTGAGGGCATCGAGGTGGC and INS2, 
GCGTAGGCGTCGGTGACAAA, which correspond to bp 631 to 650 and 856 to 
875 of the ISGIO sequence respectively were used, producing a product 245bp in 
length (Hermans et al. 1990a). Reaction mix was: PCR buffer to Ix (Qiagen), 
dNTP mix (Sigma) 200pM each, 10% glycerol, 0.5U HotStarTaq (Qiagen), 
Primers INS1 and INS2 (Genosys) (0.2gM each), and sterile water to a final 
volume of 20gl. Cycling conditions were: 95'C for 15 mins, 94*C for I min, 
55'C for 1 min, 72T for 1 min x 35 cycles, final extension at 72"C for 10 mins, 
and a 4'C hold. 
PCRs were optimised using M. bovis BCG Pasteur genomic DNA. 
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2.2.9 PCR enrichment 
One gram seeded soil samples were re-suspended in 50ml. sterile distilled water 
containing 0.5% tween-80, and mixed gently to avoid frothing. 
Large soil particles were allowed to settle for 1-2 minutes. Subsequently, the 
supernatant was decanted and centrifuged for 15 mins at 30OOrpm. The pellet was 
then re-suspended in approximately Iml sterile dH20. Two ml of 4% sodium 
hydroxide was added, and the sample was shaken gently at room temperature for 20 
minutes. The sample was then adjusted to pH7 using 14% KH2PO4 containing phenol 
red until a colour change from yellow to orange/pink was effected (approx. 3ml). 
The sample was centrifuged for 15 mins at 30OOrpm, and the deposit was cultured in 
10ml Middlebrook 7H9 broth containing 5% OADC, polymyxin (200[ig/ml), 
amphotericin B (10ýtg/ml), ampicillin (50ýtg/ml), kanamycin (15ýtg/ml), and 
trimethoprim lactate (10ýtg/rnl). The broth was incubated at 37'C for 1 or 2 weeks, 
after which time the DNA was extracted using the method outlined below. 
2.2.10 Extraction of DNA from enrichment broth 
After one or two weeks incubating the enrichment cultures were re-suspended by 
shaking and left to stand for 5-10 mins to allow debris to settle. The supernatant was 
decanted and centrifuged at 30OOrpm for 15mins. The pellet was re-suspended in 7H9 
broth and re-centrifuged. The supernatant was discarded and the pellet re-suspended 
in 500gl 03M sucrose/TE buffer. Lysozyme was added to a final concentration of 
2ýtg/ml. This mixture was then incubated at 37'C for Mr. 
EDTA (50mM), SDS (1% w/v) and Proteinase K (0.2mg/ml) were then added, and 
the sample incubated at 55C for Mr. 
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An equal volume of phenol: chloroform (24: 1) was mixed with each sample and 
centrifuged for 10 mins in a microcentrifuge at high speed. The aqueous layer was 
recovered and treated with 20ýtg/ml RNAse A for 10 mins. The phenol: chloroform 
extraction was then repeated and the resulting DNA precipitated using 1/10 vol. 3M 
sodium acetate (pH5.4) and 0.7 vol. isopropanol. DNA was re-suspended in TE 
buffer and run through a Wizard DNA clean-up column (Promega) to remove humic 
acids. The DNA was then subjected to analysis by PCR. 
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2.3 RESULTS 
2.3.1 Establishment of marked strains 
Mycobacterium bovis BCG Pasteur ATCC 35734 was transformed with the shuttle 
plasmid pUS1883 by electroporation. The transformed strain M. bovis BCG Pasteur 
pUS1883 was found to exhibit kanamycin resistance, which was desirable in possible 
selection of the organism from the soil environment. It also expressed green 
fluorescent protein under ultraviolet illumination, which was to be used in in vitro 
studies of the interaction of M bovis BCG with protozoa and nematodes. 
2.3.2 Extraction of DNA from soil seeded with Mycobacterium bovis BCG 
Pasteur 
Throughout the chapter, 'seeded' soil refers to soil to which M bovis BCG pUS1883 
has been addded; 'unseeded' soil is soil to which the bacteria have not been added. 
DNA from lg samples of a sandy soil taken from Merrist Wood (Guildford, Surrey), 
which had been seeded with 108 cells of M. bovis BCG Pasteur pUS1883 was 
suspended in 100gl sterile MRD. DNA was extracted by three different methods: 
1. DNA extraction using CTAB, Proteinase, and heat treatment at 65*C (see section 
2.2.5 for details). 
2. DNA extraction using 2xTENS buffer, a combination of heat treatment at 70'C 
and ribolysing (see section 2.2.6 for details). 
IA proprietary kit for the extraction of DNA from soil manufactured by MoBio 
(see section 2.2.7 for details). 
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DNA extracted by these methods was analysed by agarose gel electrophoresis. Figure 
2.2 shows the results for 2xTENS buffer and MoBio extraction. The MoBio kit 
yielded no detectable DNA, while the extraction methods using 2xTENS buffer 
extracted substantial quantities of (partly degraded) DNA. The CTAB procedure 
produced a slightly higher yield of DNA than the 2xTENS buffer method (results not 
shown), which is to be expected as the sample extracted was five times larger. 
However, it was extremely labour-intensive and time-consuming so for this reason 
this method was rejected as a realistic method for frequent extraction of DNA from 
soil. 
2.3.3 16S rDNA PCR sensitivity 
Genomic DNA from M. bovis BCG Pasteur was prepared from pure culture and used 
as template for a PCR targeted to mycobacterial 16S rDNA. 10ýd of the amplified 
product was analysed by gel electrophoresis on a 1.5% agarose gel (see fig. 2.3). The 
limit of detection was found to be between Ipg and lng starting template. 
2.3.4 Semi-nested PCR sensitivity 
One pI of the 16S rDNA PCR amplification product was used as template for a semi- 
nested PCR reaction. Ten [d of the amplified product was analysed by gel 
electrophoresis on a 1.5% agarose gel (not shown). Under these conditions, 
sensitivity was found to be O. Olng. 
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12kb 
Figure 2.2 DNA extracted from soil seeded with M. bovis BCG Pasteur 
pUS1883.2ýd of the extracted DNA was run on a 1.5% agarose get and 
stained with ethidium bromide. Lanes 1&2, DNA extracted from seeded 
and unseeded soil respectively using MoBio kit, Lanes 3&4, DNA 
extracted from 0.5g seeded and unseeded soil respectively using 2xTENS 
buffer method, Lanes 5&6, DNA extracted from Ig seeded and unseeded 
soil respectively using 2xTENS buffer method. Molecular marker (M) is 
the Ikb marker. 
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1027bp 1 kb 
0.5kb 
Figure 2.3. Sensitivity of 16S rDNA PCR using M. bovis BCG 
Pasteur genornic DNA. Shown is an analysis of amplified DNA 
by gel electrophoresis on a 1.5% agarose gel, using Iýil of the 
amplification reaction mixture. Lane 1, water blank; Lane 2, 
negative control (E. coli DH5cc, whole cells); Lanes 3, positive 
control; Lanes 4-10,4ng, I ng, I pg, 0.0 1 pg, I fg, 0.1 fg, and 0.0 1 fg 
genomic DNA respectively. Molecular Marker (M) used was the 
I kb marker. 
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2.3.5 IS6110 PCR sensitivity 
Mycobacterium bovis BCG Pasteur pUS 18 83 genomic DNA was used as template for 
a PCR targeted to the IS6110 insertion sequence of the M. tuberculosis complex. Ten 
ýtl of the amplified product was analysed by gel electrophoresis on a 1.5% agarose gel 
(figure 2.4). Genomic DNA template as low as lfg was routinely detected and 
occasionally 0.1 fg genomic DNA was found to be amplified. 
2.3.6 Application of DNA extracted from seeded soil to semi-nested 16S 
rDNA PCR 
Because of the large amounts of non-target DNA present in the soil extracts, as well 
as the presence of Taq polymerase-inhibiting humic acids, neat soil extract was not 
suitable for direct detection of BCG DNA using PCR. Experiments using DNA 
extracted from unseeded soil to which BCG genomic DNA was added confirmed that 
dilutions of DNA 'extracted by the 2xTENS buffer method less than 1: 103 were 
1.103 
unsuitable for application to either the 16S rDNA or IS6110 PCRs. One ýtl of a. 
dilution of DNA extracted from soil using 2xTENS buffer from both seeded and 
unseeded soil was used as template for the semi-nested 16S rDNA PCR reaction 
described previously. When the amplification products were analysed by gel 
electrophoresis a hitherto unforeseen problem arose. It became obvious that the 16S 
rDNA primers were not specific enough for detection of BCG DNA extracted from 
soil. DNA extracted from unseeded soil produced PCR products similar to that 
extracted from soil seeded with BCG Pasteur pUS1883, indicating that DNA from 
organisms other than those introduced to the sample was amplified by the primers. It 
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245bp 
1 kb 
0.5kb 
0.3kb 
Figure 2.4. Sensitivity of IS6110 PCR using M. bovis BCG 
Pasteur genomic DNA as template. Shown is an analysis of 10[d 
amplified DNA by gel electrophoresis on a 1.5% agarose gel. Lane 1, 
water blank, Lane 2, negative control (E. coil DH5a whole cells), 
Lanes 3, positive control; Lanes 4-10,4ng, Ing, Ipg, O-Olpg, lfg, 
O-Ifg, O. Olfg genomic DNA respectively. Molecular marker (M) used 
was the I kb marker. 
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also came to light that the semi-nested PCR was extremely prone to contamination, 
leading to false-positive results. 
2.3.7 Application of DNA extracted from seeded soil to IS6110 PCR 
The ISGIO PCR was applied to DNA extracted from seeded soil using the 2xTENS 
buffer method and the MoBio kit. As for the 16S rDNA PCR, DNA extracts were 
diluted 1: 103 , and 1 pI added as template to the PCR mix. The results (see figure 2.5) 
show that the IS6110 PCR was capable of detecting M. bovis BCG Pasteur in soil. 
DNA extracted from unseeded samples did not appear to produce a PCR product, 
while seeded samples gave good detection. Also, it was clear that no amplifiable 
DNA was extracted using the MoBio DNA extraction kit, and that extraction of DNA 
using 2xTENS buffer worked equally well with either 0.5 g or Ig of soil. 
As a result of this, it was concluded that the 2xTENS buffer extraction procedure was 
the most suitable for application to the project. 
The sensitivity of the IS6110 PCR applied to soil seeded with M. bovis BCG Pasteur 
pUS1883 was then determined by extracting Ig soil samples seeded with the bacteria 
ranging from 108 - 10 bacilli per gram (bacterial numbers estimated by OD600nm). 106 
cells per gram of soil were routinely detected, with 105 cells per gram occasionally 
detected (see fig 2.6). When the required dilutions of DNA extract are taken into 
account, 106 cells per gram of soil represents 200 bacteria per PCR reaction. 
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245bp 
12kb 
1 kb 
0.5kb 
0 3kb 
Figure 2.5. IS6110 PCR on DNA extracted from soil seeded with 10 6 M. bovis 
BCG Pasteur pUS1883 - effect of extraction method on sensitivity. Lanes 4-6 
extracted using MoBio kit. Lanes 7-9 extracted using 0-5g soil and 2xTENS buffer. 
Lanes 10-12 extracted using Ig soil and 2xTENS buffer. Lane 1, water blank, 
Lane 2, negative control, Lane 3 positive control (4ng BCG Pasteur genomic 
DNA), Lanes 4,7, & 10, unseeded soil, Lanes 5,8, & 11, unseeded soil plus 4ng 
BCG Pasteur genomic DNA, Lanes 6,9, & 12, seeded soil,. Molecular marker (M) 
is the I kb ladder. 
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245bp 
245bp 
Figure 2.6. Sensitivity of detection of M. bovis Pasteur pUS1883 in soil by 
IS6110 PCR on DNA extracted from soil inoculated with various densities of 
bacilli. Lane 1, negative control; Lane 2, positive control (4ng BCG I'asteur 
genomic DNA); Lanes 3-5,10 cells/g soil; Lanes 6-8 102 CeIIS/g Soil; Lanes 9-11 
103 cells/g soil; Lanes 12-14 104 cells/g soil; Lanes 15-17 105 cells/g soil; Lanes 
18-20 106 cells/g soil. The molecular marker (M) is the I kb ladder. 
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2.3.8 PCR enrichment 
In order to improve the sensitivity of the PCR, an enrichment procedure was tested. 
This involved pre-treatment of seeded soil samples with sodium hydroxide in order to 
remove some indigenous organisms, followed by growth in a selective medium for 1 
or 2 weeks at 37'C before extraction of DNA (see section . 2.2.9 for details). 
An immediate problem was the growth of fungal contaminants in some samples, 
which flourished despite the presence of the antifungal agent amphotericin B. 
Various bacteria also grew, the majority of which appeared to be various species of 
Pseudomonas. 
DNA extracted from the enrichment broth at both 1 and 2 weeks (see section 2.2.10 
for details) was applied to the IS6110 PCR in order to identify any increase in 
sensitivity. The minimum number of bacteria detected per gain of soil was 106, 
showing no increase in sensitivity with the PCR enrichment protocol as compared 
with DNA extracted from soil applied directly to the IS6110 PCR. In some cases no 
target DNA was amplified. 
This result suggests that numbers of M. bovis BCG Pasteur pUS 1883 did not increase 
in the enrichment broth. Experiments showed that while the bacteria were able to 
grow in the broth, the pre-treatment with sodium hydroxide caused death of almost 
100% of the BCG cells. Reducing the pre-treatment period had no effect on this. 
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2.4 DISCUSSION 
As mentioned previously (section 2.1.3), there are two basic methods for extracting 
DNA from soil; separation of bacterial cells from soil particles prior to DNA 
extraction or extraction of DNA in the presence of soil particles. The former method 
usually results in the loss of large numbers of bacteria, and hence lowered sensitivity 
(Tebbe and Vahjen, 1993). Therefore three different extraction methods in the 
presence of soil particles were compared. The first, a method utilising CTAB, was 
effective in extracting DNA of sufficient quantity and quality for application to PCR. 
A second method using TENS buffer detergent and a ribolyser to disrupt cell 
membranes, was similarly effective. A proprietary kit for extraction of DNA from 
soil was also investigated, but no detectable DNA was extracted. Few other 
researchers appear to use kits, preferring to develop their own protocols specific to 
their requirements. It may be that the kit was unsuited to the soil type used, or that the 
smaller sample mass used (250mg as compared to 5g for the CTAB and Ig for the 
TENS buffer methods) was too small to yield adequate quantities of DNA for PCR 
detection. 
In comparison to the TENS buffer, the CTAB extraction was more time-consuming, 
and hence the TENS buffer method was chosen as the best protocol for the purposes 
of this project. 
Before PCR can be applied to soil DNA extracts, it is necessary to optimise PCR 
protocols. High sensitivity and specificity of the primer/target system is required, as a 
large proportion of DNA extracted from soil will represent non-target templates (Van 
Elsas and Wolters, 1995b). 
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Optimisation of the PCRs was done using genomic DNA extracted from pure cultures 
of M. bovis BCG Pasteur pUS 1883. In all cases, the PCR protocol used a Hot Start 
technique. Hot Start PCR is advised when amplifying soil DNA (Van Elsas and 
Wolters, 1995b). It prevents mispriming of the target template by only allowing 
extension to occur when all the reaction components reach denaturing temperature 
(Van Elsas and Wolters, 1995b). Omitting Taq polymerase from the reaction mix and 
adding it after the reaction has reached 94'C is one way of achieving this, although 
this entails opening the PCR tubes and hence carries a risk of contamination. To 
combat this, a HotStarTaq (Qiagen), was used. This polymerase can be added 
together with the rest of the reaction mix, but is not active until heated at 95'C for 15 
minutes. 
The PCR targeted to mycobacterial 16s rDNA gave a disappointingly low sensitivity 
(between Ing and Ipg starting template). This was surprising, as a previous study on 
which the reaction was based had found sensitivity using these primers to be lOpg 
starting template (B6ddinghaus et al. 1990). In order to increase sensitivity, a semi- 
nested PCR was developed using the product of the 16s rDNA reaction as starting 
template, and targeting a 493bp fragment of the original product. Sensitivity of the 
PCR was thereby increased 100 fold to approximately 200 mycobacterial genomes. 
Semi-nested PCR is recommended for amplification of soil DNA, as it greatly 
increases the sensitivity of the procedure, and can also be used to increase specificity 
(Van Elsas and Wolters, 1995b). One major drawback in its use is the problem posed 
by contamination. As soon as tubes from the first-round reaction are opened, aerosols 
containing amplified DNA are released. As PCR is such a sensitive detection method 
any target DNA contaminating the second round reaction is amplified giving a false 
positive result. 
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The insertion sequence IS6110 was chosen as a second target for PCR. The primers 
used have been previously applied to clinical samples (Noordho, ek et al. 1994). 
Sensitivity of this PCR was found to be far greater, in the region of 1 fg. 
Both the semi-nested and the IS6110 PCRs were applied to soil extracted by the 
TENS buffer method. 
The semi-nested PCR gave extremely inconsistent results, so much so that a definite 
sensitivity could not be established. There are several explanations for this. It appears 
that, although the primers were thought to be specific to M. tuberculosis complex 
bacteria, homologous rDNA from indigenous microorganisms may also have been 
amplified by the reaction. These may include related mycobacteria or other soil 
bacteria. This problem has been reported previously (Tsai and Olson, 1992). 
Chimeric or recombinant molecules may be formed when the 16s rRNA genes of 
more than one species are PCR-amplified (Wang and Wang, 1996). These are 
generated when the template consists of sequences from different 16S rDNA 
molecules (Kopczynski et al. 1994). Obviously, within a DNA extract from soil, 
multiple rDNA sequences will be present, so the possibility of chimera formation 
leading to false positives is high. 
Finally, the problem of cross-contamination is considerable, and is extremely difficult 
to prevent, even using the most stringent protocols. 
The IS6110 PCR gave a sensitivity of 106 cells/g soil. Occasionally, 105 cells/g soil 
were detected. IS6110 is present in M. tuberculosis complex bacteria in multiple 
copies, but most BCG strains (including BCG Pasteur) contain a single copy. When 
the dilution required to perform the PCR (1: 103 of DNA extracted) is taken into 
account, approximately O. lpg of mycobacterial DNA were added to the final reaction 
from a soil sample containing 106 cells/g, assuming that the bacteria added were 
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extracted with 100% efficiency. Hence the sensitivity of the reaction when applied to 
DNA extracted from soil was 100 fold worse compared with using genomic DNA 
extracted from a pure culture. This reduction is probably due to the presence of 
humic acids and other inhibitory substances, as well as the large amount of non-target 
DNA present. 
In comparison to other studies, the sensitivity of this protocol was low. As mentioned 
in section 2.1.4, a previous study detected numbers of M. chlorophenolicum as low as 
300 cells/g (Briglia et al. 1996), using a direct DNA extracting method and a 16s 
rDNA targeted PCR coupled with oligonucleotide probing. In another, 500 
Escherichia coli cells per gram soil were detected (Tsai and Olson, 1992) 
Attempts were made to improve the limits of detection by using less diluted DNA, but 
this appeared to increase the amounts of non-target DNA and/or inhibitory substances 
to levels where the reaction was no longer reliable. Other studies have used less 
dilute soil extracts, and so other protocols evidently produce DNA less contaminated 
with humic acids (Van Elsas and Wolters, 1995b). 
An enrichment step designed to improve the sensitivity of the reaction was introduced 
to remove non-target organisms, increase the numbers of target bacteria, and reduce 
the quantities of humic acids extracted. This failed however, as the decontamination 
step using sodium hydroxide appeared to kill off almost 100% of the M. bovis BCG 
Pasteur pUS 18 83 bacilli. 
The sodium hydroxide treatment and subsequent growth in selective media was based 
on the treatments given to sputum samples in the clinical identification of tuberculosis 
(Collins et al. 1995). As clinical identification is based on the growth of visible 
colonies from viable bacteria, it is surprising that the decontamination procedure 
resulted in the death of bacteria. It is possible that M. bovis and M. tuberculosis 
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bacilli are more resistant to the action of sodium hydroxide than are BCG strains, in 
which case the use of this model organism may not reflect the results if M. bovis 
bacilli were seeded in soil. 
Another problem with the enrichment step was the growth of non-target soil 
organisms. There is a risk that these organisms may be pathogenic and pose a health 
hazard. Fast-growing non-target organisms also use up available nutrients, 
preventing the growth of bacteria such as M. bovis, which has a slower rate of 
reproduction. For these reasons the enrichment step was deemed unsuitable for 
further use. 
In conclusion, a methodology for the extraction of DNA from soil seeded with M. 
bovis BCG Pasteur pUS1883 (used as a model for M. bovis) was developed, 
comprising a hot detergent treatment (TENS buffer), and the physical disruption of 
cell membranes using ribolysing, followed by spun column clean-up. A PCR protocol 
targeting the IS6110 insertion element was established, which gave a sensitivity of 
106 cells per gram of soil. Although this corresponds to an extremely good sensitivity 
in terms of the PCR reaction itself, the dilution of the extract that was required for the 
PCR meant that it required 10 6 bacteria/g soil which is too high a number to be of use 
in microcosms where the survival and movement of low numbers of M. bovis bacilli 
are to be studied. It must be concluded that the efforts to develop a protocol for the 
molecular detection of M. bovis in soil has failed. Probably the crucial factor in any 
improvement of the method is the purification of DNA from soil, rather than the PCR 
protocol. 
At this stage in the project as a whole, interesting results were being obtained 
regarding the interaction of the nematode Caenorhabditis elegans and the amoeba 
Acanthamoeba castellanii with M. bovis. It was felt a more productive use of time to 
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pursue these further than to continue development of PCR protocols for detection of 
M. bovis in soil. 
The strain of M. bovis BCG marked with antibiotic resistance and GFP was utilised in 
the study of these interactions. The results of these are present in chapters 3 and 4, 
and their implications discussed in chapter 5. 
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Effect of the protozoan Acanthamoeba castellanii and the nematode 
Caenorhabditis elegans on the survival of Mycobacterium bovis in soil 
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3.1 AIMS 
The aim of this study was to monitor the survival of Mycobacterium bovis in soil in 
the presence and absence of soil microfauna in order to establish if their presence has 
an effect on the survival of this bacterium. Acanthamoeba castellanii and 
Caenorhabditis elegans were used as examples of soil protozoa and nematodes. 
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3.2 MATERIALS AND METHODS 
3.2.1 Growth of bacterial strains 
Mycobacterium bovis NCTC 10772, M bovis BCG pUS1883, Escherichia coli 
WHO pGFP and Pseudomonas fluorescens (School of Biochemical and Life 
Sciences collection, #2209, University of Surrey) were cultured as described in 
Appendix 1 (Culture methods). Bacterial numbers were approximated by optical 
density at 600run. 
Plasmid pUS1883 is a mycobacterial shuttle plasmid containing a GFP gene and the 
kanamycin gene aph, from Tn5. These are driven by the I SKDa antigen from M. 
leprae (see figure 3.1). Plasmid pGFP contains an ampicillin resistance gene and a 
GFP gene (see figure 3.2). It was originally obtained from ClonTech. 
3.2.2 Growth of Nematodes 
Caenorhabditis elegans var. Bristol strain N2 (Laboratory of Molecular Biology, 
Cambridge) was cultured on Ps. fluorescens lawns on agar plates as described in 
Appendix 1 (Culture methods). Nematodes were enumerated by counting triplicate 
Iml samples (suspended in sterile distilled water) in a Sedgewick-Rafter cell, using a 
binocular microscope. 
3.2.3 Growth of Protozoa 
Acanthamoeba castellanii (CCAP 1501 VIA) was cultured in PPG broth as described 
in Appendix 1 (Culture Methods). 
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P(18K) 
RBS 
18 kDa CDS 
RBS 
GFP 
MYCO ORI 
KN(R) 
UKI 
Figure 3.1 Shuttle plasmid pUS1883, containing the 
kanamycin resistance gene and Green Fluorescent Protein 
(GFP), driven by the 18KI)a promoter. 
P(LAC) 
ORI 
GFP 
Figure 3.2 Plasmid pGFP, containing the ampicillin 
resistance gene and Green Fluorescent Protein (GFP), 
driven by the LacZ promoter. 
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Protozoa were enumerated using a haernocytometer as described by Holden et al 
(1984). They were removed from culture by centrifugation, and resuspended in sterile 
distilled water prior to enumeration. 
3.2.4 Experimental systems 
The soil used was taken at a depth of 20 cm from Merrist Wood Agricultural College 
(Guildford, Surrey). It was a sandy soil (Holiday Hills series), the organic matter 
content was 1.6% by weight and the particle ratio was 10: 9: 81 clay: silt: sand. The pH 
(H20) was 6. The soil was sieved with a 2mm-aperture sieve and stored at 4'C until 
used. 
Fifteen CM3 samples were placed in lidded glass universals 
These were autoclaved once, left for 24 hours to allow germination of bacterial endo- 
spores, and then re-autoclaved to ensure complete sterilisation. 
Nematodes, protozoa and bacteria were added to the systems in sterile distilled water. 
Enumeration of bacteria in soil systems 
Bacteria were enumerated by the growth of colonies on agar plates. Dilution series of 
the soil suspensions were made in sterile V4 strength Ringers solution. Samples 
(200gl) were spread onto TSA agar (for Ps. fluorescens) and 7HI I agar (for M. 
bovis). TSA plates were sealed and incubated at 25T for 3 days and 7H1 I plates 
were sealed and incubated at 37"C for 3-4 weeks in order to establish viable counts. 
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M. 
Enumeration o nematodes in soil systems )f 
Nematodes were enumerated using an adaptation of the most probable number 
technique (MPN). 
Fifty ml of the soil suspension was allowed to settle overnight at 4'C. The top 30ml 
was then removed and the remaining 20ml centrifuged for 5 mins at 20OOrpm. The 
pellet was resuspended in 5ml V4strength Ringers solution, and a6 fold 1: 2 dilution 
series was prepared. AI 00gl sample of each dilution was added to wells of a 24-well 
plate. Each well contained a lawn of Escherichia coli grown overnight on nutrient 
agar. The plates were sealed and incubated at 25'C for 7 days. Wells were then 
scored for the presence or absence of nematodes using a dissecting microscope, and 
numbers in the original sample calculated using the table in Appendix 3a. 
Enumeration ofprotozoa in soil systems 
Protozoa were enumerated using a modification of the MPN technique reported by 
Darbyshire et al (Darbyshire et al. 1974). 
A 100gl sample of the soil suspension was added to 100gl PPG broth. A 15 level 1: 2 
dilution series was made in PPG broth in a 96 well plate. Plates were sealed and 
incubated at IPC for 3 weeks. The plates were inspected weekly and wells scored 
for the presence or absence of protozoa using an inverted microscope. Numbers per 
soil sample were calculated using the table in Appendix 3b. 
4 samples were used for each time point. 
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3.2.5 Isolation of Specific Nematode Growth Phases 
Isolation of Eggs 
Gravid adult nematodes were washed from DH5oc stock plates with sterile water. 
Two volumes of freshly made alkaline hypochlorite (12ml 20% NaOCI, 5ml 5M 
KOH, 83ml H20) were added and the nematodes left for 5-10 minutes until they 
began to break apart. The suspension was then loaded in a 10ml disposable syringe 
and forced out through a sterile 23-gauge needle to ensure breakage of nematodes and 
release of eggs. The nematode eggs were pelleted by microcentrifugation at 
130OOrpm for 30 seconds, and washed in sterile water twice. This treatment resulted 
in the isolation of sterilised, viable eggs (Sulston and Hodgkin, 1988). 
Isolation ofLarvalphases and Adults 
Synchronous cultures were set up to enable isolation of specific growth phases. Eggs 
that had been isolated using alkaline hypochlorite were allowed to hatch overnight at 
25T in 20ml S medium without bacteria in order to allow the hatching Ll larvae to 
become well synchronised. An ovemight culture of 20ml E. coli DH5(x was spun 
down, resuspended in S-medium, and added to the larvae. The culture was then 
incubated at 20T and specific growth phases harvested at the times shown in table 
3.1. 
Nematodes were harvested by spinning down at 1000 rpm for 10 mins at 4'C. The 
supernatant was then removed, and the nematodes were resuspended in M9 buffer. 
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Table 3.1. Approximate time to, and size of, each C elegans growth phase. 
Nematodes grown at 25"C on E. coli DH5(x in synchronous culture. 
Growth Time harvested (hours after addition of E. coli Approximate size 
Phase DH5cc) (Pm) 
Ll Prior to addition of E. coli DH5(x 150-200 
L2 12 250-300 
U 24 350-400 
L4 30 450-600 
Young Adult 35 600-1050 
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ýj 
3.3 RESULTS AND DISCUSSION 
A 
3.3.1 Survival of M. bovis in sterile soil in the presence and absence of 
Acanthamoeba castellanii and Caenorhabditis elegans 
The effect of the nematode Caenorhabditis elegans and the protozoan Acanthamoeba 
castellanii on the survival of Mycobacterium bovis in sterile soil at 150C were studied, 
with Pseudomonasfluorescens used as an altemative food source. 
Experimental treatments were as follows: 
Treatment I (Control) 
0.5ml Ps. fluorescens 
0.25ml M. bovis 
Iml sterile distilled water 
Treatment 2 
Iml C elegans (approx 290/ml at various growth stages) 
0.5ml Ps. fluorescens 
0.25ml M. bovis 
Treatment 3 
0.5m1 A. castellanii (approx 3.6x 105 trophozoites/ml) 
O. 5ml Ps. fluorescens 
0.25ml M. bovis 
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0.5ral sterile distilled water 
3 Forty, 15cm soil samples were used for each treatment. Bottles were loosely lidded 
to allow exchange of gasses and placed on their sides inside closed plastic boxes lined 
with damp tissue paper in order to prevent them drying out. They were incubated at 
15T. 
Survival of bacteria in the treatments was compared using a one-way analysis of 
variance (ANOVA). Significant differences were compared using a test for Least 
Significant Difference (LSD). 
Figures 3.3 and 3.4 show the survival of M. bovis and Ps. fluorescens respectively. 
Table 3.2 shows the survival of A. castellanii and C elegans. 
In the control (M. bovis and Ps. fluorescens only), M. bovis survived appreciably over 
128 days with an overall reduction in viable count from 3.26xlO 7 to 4.03xlO'. 
Although statistical analysis showed that there was a significant difference (P<0.05) 
between the control treatment and those containing A. castellanii or C elegans for 
days 7,14, and 42, inspection of the general trend suggests that this was not a real 
difference. 
In the same experiment, the numbers of Ps. fluorescens in the control (Fig 3-4) 
increased slightly over the first 14 days (due to the ability of Ps. fluorescens to 
multiply at 15T) and thereafter declined only slightly by day 128. Statistical analysis 
of numbers of Ps. fluorescens showed that there was a statistically significant 
difference (p<0.05) between the control treatment and those containing A. castellanii 
or C elegans for days 14,22, and 28. However, as with the M. bovis counts, 
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Chapter 3- Results & Discussion 
inspection of the general trend suggests that this was not a real difference. The most 
marked effect occurred at day 105, when numbers of both bacteria fell below the limit 
of detection (10 4 for M. bovis and 106 for Ps. fluorescens) in treatment 3 (presence of 
A. castellanii). 
A possibility that could account for this is that the amoeba may have encysted by day 
105. If ingested bacteria had been able to evade digestion and remained inside 
amoebal trophozoites, they would have grown on agar plates as the amoeba would 
probably have broken open due to desiccation and possibly due to mechanical forces 
generated when the plates were spread. If the amoebae had encysted however, any 
viable bacteria present inside the amoebae would have been unable to grow on agar 
plates as they would be inside the cysts (plate-spreading would be inadequate to break 
open cysts). If this were the case, it would require large numbers of bacteria to be 
present within A. castellanii (at least 100 per amoeba for M. bovis, and at least 1000 
per amoeba for Ps. fluorescens). These numbers appear quite excessive, posing a 
problem for this hypothesis. There is no drop in numbers of amoeba at days 105 and 
128, but as the MPN technique does not distinguish between cysts and trophozoites, it 
is a reflection only of the total number of viable protozoa, without regard to their 
condition. 
The most likely explanation for the formation of cysts is dehydration of the samples, 
rather than starvation of the amoebae. 
Numbers of C elegans drop below the limit of detection at days 105 and 128, 
providing further evidence that samples may have dried out. Nematodes required a 
water film to move and feed in. It is unlikely that nematodes died due to a lack of 
bacterial foodstuff, as large numbers of M. bovis and Ps. fluorescens were present 
throughout the experiment in treatment 2. Dehydration of the samples would have led 
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to an inability of the nematodes to reach bacteria, and death by starvation and 
dehydration of nematodes themselves would have followed. 
However, since bacteria survived in both the control (treatment 1), and in the presence 
of nematodes (treatment 2), they were obviously not killed by dehydration. It would 
be expected that any dehydration great enough to prevent nematodes from moving 
through the soil would also lead to death of bacteria in the samples. Therefore, 
dehydration alone cannot provide an adequate explanation for the fall in nematode 
numbers. 
Since the data at days 105 and 128 cannot be fully explained, conclusions made from 
them should be viewed with care. 
The presence of nematodes did not have any consistent significant effect on bacterial 
numbers. As previously explained there was a significant difference between 
numbers of bacteria in the control and in the presence of nematodes at days 7,14, and 
42 (for M. bovis) and at days 14,22, and 28 (for Ps. fluorescens). However, the 
general trend of the data indicates that this difference is not significant overall. 
It was observed that tiny, evenly distributed microcolonies were apparent on all Ps. 
fluorescens plates counted from microcosms containing C elegans (treatment 2). 
These were not included in the viable count. Gram staining and microscopy showed 
that they were gram-negative rods. Colony morphology was similar to early Ps. 
fluorescens colonies. The microcolonies were not found on Ps. fluorescens plates 
from treatments I (the control) or 3 (presence of A castellanii). 
Since the nematodes were cultured on Ps. fluorescens prior to addition to microcosms, 
and as no sterilisation techniques were applied to them, some bacteria will have been 
present in their guts when they were added to the soil samples, and excreted 
subsequently into these. It is possible that these bacteria were damaged by passage 
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through the nematode gut, inducing a morphological change, and when spread on the 
agar plates gave rise to the microcolonies observed. Other researchers have reported a 
mix of macro- and micro-colonies when working with Pseudomonas species, which 
have been attributed to stress inducing a morpholigical change of the bacteria (F. de 
Leij, personal communication). Another possibility is that some nematodes were 
present in the suspensions applied to the plates. These nematodes may have excreted 
viable bacteria through defecation that, because they were deposited later, would have 
resulted in smaller colonies. Plates were checked using a dissecting microscope for 
the presence of nematodes, but none were seen, presenting a problem with this 
hypothesis. A further possibility is that the plates or soil samples became 
contaminated with another bacterium. As the bacteria from resembled Ps. 
fluorescens, and since all treatments were performed at the same time, in the same 
laboratory, under identical conditions, it seems unlikely that this is the case. 
Numbers of C elegans decreased steadily from 396 to 27 between days 0 and 22. At 
day 28, the population appeared to show a sudden resurgence, and then numbers fell 
once more to <27 nematodes detectable per microcosm. The increase in numbers at 
day 28 is likely to be a false result. The only explanation for a sudden surge in the 
population is that eggs had been laid which had hatched out. If the nematodes were 
breeding however, a fall in numbers at day 42 would not be expected. The low 
numbers found from day 42 onwards may have resulted from an inability to detect all 
nematodes present using the method. MPN also did not give any data on the growth 
phases of the nematodes present in the samples. 
Nematodes have not previously been enumerated in soil by MPN. The most 
commonly used methods are extraction using Baermarm funnels, and modifications of 
the technique. Baermann funnels consist of a funnel with a piece of rubber tubing 
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attached to them, which is closed by a clip. Soil samples are placed in a piece of 
muslin or on a sieve, and put into the funnel, which is almost filled with water. 
Active nematodes wriggle through the material or sieve and are collected in the tube 
over 48 hours. Samples can then be run off, and the nematodes observed and counted 
by microscopy (Hooper, 1990; Viglierchio and Schmitt, 1983a). Density flotation 
methods, where nematodes are floated out of soil samples using specific gravity 
solutions and flocculating chemicals, may also be used, although there is a risk that 
nematodes may be harmed by changes in osmotic pressure (Viglierchio and 
Yamashita, 1983b; Bloemers and Hodda, 1995). This can lead to inaccurate counts of 
viable nematodes. 
These conventional techniques could not be used, as they require large amounts of 
inoculated soil to be left open overnight, followed by counting of nematodes in a 
Sedgewick-Rafter cell. Since the soil samples contained M. bovis, a human pathogen, 
the risks associated with leaving large amounts of soil in the laboratory for more than 
a few hours, and even the direct handling of nematodes from these systems, was 
considered unacceptable. Instead, the MPN technique was adapted for use. The 
settling of soil suspensions overnight was used in order to concentrate nematodes 
from the samples, so that a smaller volume could be centrifuged. As centrifugation 
techniques have been used previously to increase the rate of settling (Bloemers and 
Hodda, 1995), it is likely that the majority of nematodes in the samples were present 
in the initial dilution. However, successful dilution of the nematodes would have 
been difficult to achieve, as they are fairly large organisms that would tend to sink 
rather than remain in suspension. Although samples were shaken before dilution, it is 
likely that error was introduced into the procedure at this point. Death due to 
deprivation from oxygen may also have resulted during the settling procedure. 
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Numbers of A. castellanii recovered at day 0 were lower than added (3.02x 104 
compared to 3.6405). Protozoa will not have been extracted from the samples with 
100% efficiency, and this in combination with uneven dispersal in dilutions, accounts 
for the observed difference between numbers added and those recovered as day 0 
(Ronn et al. 1995; Singh, 1945). It has been discovered previously that the broth 
media used for MPN enumeration of amoebae has a significant impact on the 
numbers recovered, however this is only a problem in the extraction of protozoa from 
non-sterilised soils, and results from the growth of inhibitory organisms (Ronn et al. 
1995). It is unlikely to have been a factor in this case. 
As previously mentioned, the survival of A. castellanii throughout the experiment is 
likely to be due to the ability of the amoeba to form cysts under adverse 
environmental conditions. Cyst and trophozoite numbers in samples can be counted 
separately. Pre-treatment with 2% hydrochloric acid kills trophozoites in samples, 
such that an estimate of numbers of cysts alone can be obtained (Bodenheimer, 1933). 
However, it has now been discovered that this treatment may kill a large percentage 
of cysts also, so its use may be limited (Sneddon, 1983; Foissner, 1987). 
Although the use of sterilised soil does not provide the most accurate microcosm for 
these studies, it was necessary due to the problems posed by detection of M. bovis in 
non-sterile soil. Other researchers have also had to use sterilisation (Scanlon and 
Quinn, 2000), or utilise alternative methods such as the use of cotton strips soaked in 
M. bovis (Jackson et al. 1995). 
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The data presented here demonstrates the ability of M. bovis to survive in sterile soil 
at a temperature characteristic of that during British summer months for at least 18 
weeks. When the soil was amended with the nematode Caenorhabditis elegans the 
survival of M. bovis was not significantly diffcrcnt from that of the control. This may 
indicate that C elegans is not utilising M. bovis as a food source, or that any M. bovis 
bacilli it ingests are unable to be digested, and being excreted in a viable state. 
Excretion of bacteria by nematodes has been previously reported (Griffiths, 1994) 
(Adamo and Gealt, 1996), so this is a possibility which warrants investigation. 
Acanthamoeba castellanii also appeared to have no effect on the survival of M. bovis 
as a whole. Whether this is due to the inability of the amoeba to ingest M. bovis, or 
whether it reflects intracellular survival of the bacteria, requires further examination. 
The interaction of C elegans with M. bovis (using M. bovis BCG pUS 1883 as a non- 
pathogenic model) was studied to further explain the data from the soil microcosms 
regarding nematodes. The results are presented in the following sections. 
3.3.2 Growth and Survival of C. elegans on M. bovis BCG pUS1883 and 
E. co/iJM110 pGFP 
Mycobacterium bovis BCG Pasteur pUS1883 and Escherichia coliJMllOpGFP were 
compared for their suitability as a food source for the bacterivorious nematode 
Caenorhabditis elegans. Bacterial suspensions (800pl) were spread on 1% water agar 
plates. Nematodes at discrete growth phases (obtained by the methods outlined in 
section 3.2.5) were added to plates in a minimal volume (<100gl) of M9 buffer, and 
the development of the nematodes at IPC monitored using a dissecting microscope. 
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The number of live nematodes (excluding eggs) were counted daily using a dissecting 
microscope until numbers were either uncountable (>500), or there were no live 
nematodes (defined by movement) left to count. The appearance of eggs was noted. 
Nematode development was determined by size and appearance of the nematodes. 
Entire plates were counted using aI cm xI cm grid as a guide. 
Eggs 
Figure 3.5 shows the survival of nematodes hatching from eggs on the two bacteria. 
Numbers of eggs hatching on day 1 were similar on both food sources. By day 2 
however, numbers of nematodes on E. coli pGFP were significantly greater than those 
on M. bovis BCG pUS1883 (P<0.05). Numbers of nematodes on E. coli pGFP were 
significantly greater (P<0.05) on day 2 compared to day 1. This indicates that eggs 
that did not hatch on day 1 continued to hatch on E. coli pGFP. This did not occur on 
M. bovis BCG pUS1883, suggesting that M. bovis BCG may produce substances that 
inhibit egg hatching. 
On E. coli pGFP, nematodes reached adulthood after 5 days. At 25T, on E. coli 
lawns, C elegans reach adulthood approximately 35 hours afler hatching. As this 
experiment was carried out at 15"C, the nematode life cycle is expected to be slower. 
Therefore, 5 days seems a reasonable time for completion of the life cycle on E. coli 
pGFP in this experiment. These adults laid eggs, which were seen at day 6. Numbers 
increased suddenly at day 8, when they became uncountable, due to the hatching of 
these eggs. 
In contrast to the nematodes on E. coli pGFP, those feeding on M bovis BCG 
pUS1883 showed arrested development, never progressing beyond the L2 stage. 
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Figure 3.5 Survival and growth of C. elegans eggs on two different bacterial food sources at 
15'C. n=3, error bars represent standard error of the mean. Hatched columns indicate 
numbers>500. Floating bars show the development and duration of growth phases, YA = young 
adult, A= adult. 
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Some worms ceased to move, and assumed either the curled or rigid postures shown 
in figures 3.6 and 3.7. These nematodes were not counted as living, and so numbers 
decreased significantly (P<0.05) at day 7. 
Ll larvae. 
Figure 3.8 shows the survival and development of Ll nematodes when fed on the two 
bacteria. 
Numbers of nematodes on M. bovis BCG pUS1883 fell significantly by day I 
(P<0.005). The remaining nematodes developed from Ll to L2 phase, but did not 
develop to U. Instead, they ceased movement and showed the curled or rigid 
postures shown in figures 3.6 and 3.7. 
From day 1 onwards, numbers of nematodes on E. coli pGFP were significantly 
higher than on M. bovis BCG pUS1883 (p<0.005). Ll nematodes fed on E. coli 
pGFP exhibited normal development, with eggs being laid on day 5, and numbers 
increasing to >500 by day 7. 
In order to ascertain whether the rigid and curled nematodes found on the M. bovis 
BCG pUS1883 plates were dead or had entered the dauer phase, they were washed off 
the plates in sterile water, transferred to E. coli DH5a stock plates (see Appendix 1), 
and incubated at 15T. Live nematodes that developed normally were found on these 
plates after 48 hours incubation. This indicates that at least some of the nematodes 
which had stopped moving and showed halted development were not dead, but had 
entered the dauer phase. 
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Figure 3.6 An L2 phase C elegans nematode exhibiting a curled posture after 
feeding on M. bovis BCG pUS1883. Bar = 100pm. 
Figure 3.7 An L2 phase C elegans nematode exhibiting a rigid posture after 
feeding on M. bovis BCG pUS1883. Bar = 100gm 
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Figure 3.8 Survival and growth of C elegans placed as LI larvae on two different 
bacterial food sources at 15'C. n=3, error bars represent standard error of the mean. Hatched 
columns indicate numbers>500. Floating bars show the development and duration of growth 
phases, YA = young adult, A= adult. 
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L2 larvae 
Figure 3.9 shows the survival of L2 nematodes on the two bacteria. 
C elegans developed through the normal life cycle when fed on both E. coli JM 110 
pGFP and M. bovis BCG pUS1883. However, development was slower on M. bovis 
BCG pUS 1883 than on E. coli JMI 10 pGFP, with young adults seen a day earlier on 
the latter than the former. Nematode eggs were seen 3 days later on M. bovis BCG 
pUS1883 plates compared to E. coliMl I OpGFP plates. 
Numbers of nematodes on M. bovis BCG pUS 1883 plates decreased significantly on 
day 4 (P<0.005), and were significantly different from numbers of nematodes on E. 
coli pGFP from day 2 onwards (P<0.01). However, the population increased after 
eggs laid by the remaining nematodes hatched. Numbers of nematodes on E. coli 
pGFP remained static (no significant difference), until day 6, when the population 
increased greatly due to eggs hatching. 
L3, L4, and Young Adult nematodes 
Figures 3.10 - 3.12 show the survival of L3 and L4 larvae, and young adult 
nematodes on the two bacterial food sources. Similar results to those observed for L2 
larvae were seen. 
C elegans developed through the normal life cycle on both bacteria, but development 
was consistently slower on M. bovisBCGpUS1883 than on E. colipGFP. 
Numbers of nematodes on M. bovis BCG pUS1883 from L3 larvae showed an initial 
significant decrease (P<0.005), until eggs hatched out. No significant change in 
numbers of nematodes placed as L4 larvae and young adults was seen for either M. 
bovisBCGpUS1883 or E. colipGFP until eggs hatched out. 
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Figure 3.9 Survival and growth of C elegans placed as L2 larvae on two different 
bacterial food sources at 15'C. n=3, error bars represent standard error of the mean, Hatched 
columns indicate numbers>500. Floating bars show the development and duration of growth 
phases, YA = young adult, A= adult. 
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Figure 3.10 Survival and growth of C elegans placed as U larvae on two different 
bacterial food sources at 151C. n=3, error bars represent standard error of the mean. Hatched 
columns indicate numbers>500. Floating bars show the development and duration of growth 
phases, YA = young adult, A= adult. 
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Figure 3.11 Survival and growth of C elegans placed as LA larvae on two different 
bacterial food sources at 15'C. n=3, error bars represent standard error of the mean. Hatched 
columns indicate numbers>500. Floating bars show the development and duration of growth 
phases, YA = young adult, A= adult. 
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Figure 3.12 Survival and growth of C elegans placed as young adult nematodes on two 
different bacterial food sources at 151C. n=3, error bars represent standard error of the 
mean. Hatched columns indicate numbers>500. Floating bars show the development and 
duration of growth phases, YA = young adult, A= adult. 
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Plates containing eggs which had been laid and hatched on M. bovis BCG pUS1883 
by nematodes developing from L2, L3, L4, and young adult nematodes were 
monitored for a further 10 days after the initial 10 days period. The Ll larvae that 
hatched from these eggs developed to L2 phase, but then assumed either the rigid or 
curled postures described previously. In case this was due to starvation caused by 
insufficient bacteria on the plate the experiments were repeated, with any LI larvae 
produced on M. bovis BCG pUS1883 transferred to fresh BCG pUS1883 plates. The 
same results were observed, indicating that the result was not due to a lack of bacteria 
on the plates but was more likely due to the inability of LI larvae to ingest M. bovis 
BCG present on the plate. 
3.3.3 Growth of C. elegans on mixed bacterial cultures 
In order to ascertain whether C elegans demonstrated a preference for feeding on 
either M. bovis BCG pUS 1883 or E. coli JMI 10 pGFP, nematodes were grown on 
plates spread with both bacteria. 
One percent agar plates (9cm diameter) were spread with the two bacteria in the 
following ways; 
Treatment 1 
Half the plate was inoculated with E. coli JM I 10 pGFP, and the other half with M. 
bovis BCG pUS 1883. 
This gave the nematodes an equal opportunity to graze on either bacterium. 
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Treatment 2 
A 2cm-diameter area was inoculated with E. coli JM110 pGFP, and the rest of the 
plate was inoculated with M. bovis BCG pUS 1883. 
This limited the ability of the nematodes to have access to E. coli JM 110 pGFP as a 
food source, and was done in order to see whether nematodes would demonstrate a 
preference for E. colipGFP over M. bovisBCGpUS1883 despite the smaller area. 
Treatment 3 
A 2cm-diameter area was inoculated with M. bovis BCG pUS 1883, and the rest of the 
plate was inoculated with E. coli JM1 10 pGFP. 
This limited the access to M. bovis BCG pUS1883, and was done to show whether C. 
elegans would feed on the bacteria at all given an excess of E. coli as an alternative. 
In treatments 2 and 3, the small area was spread with 75gl bacteria using a sterile 
plastic plate spreader. The plate was then left on the bench for 30 mins to allow the 
inoculum to soak in fully before the rest of the plate was spread with 200pl bacteria, 
in order to prevent mixing of the bacterial cultures. The same procedure was 
observed with treatment I except that 200ýd M. bovis BCG pUS1883 was spread first 
and allowed to dry before application of 200pI E. coli JM1 10 pGFP. 
Three replicates of each treatment were prepared. Eggs were dropped at a point 
intersecting the two bacteria. Plates were incubated at 15T and the numbers of 
nematodes on each area monitored over 8 days using a dissecting microscope and a 
lcm x lcm grid. 
Statistical significance was determined using ANOVA. 
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Table 3.3 shows the results of the treatments. In treatment 1, the density of C elegans 
on E. coli pGFP was significantly higher (P<0.05) on every day except day 5. 
Previous findings (section 3.3.2) indicated that C elegans eggs hatched more readily 
on E. coli pGFP than on M. bovis BCG pUS1883. It was also discovered that C. 
elegans was only able to graze on M. bovis BCG pUS1883 once it had reached L3 
stage. The results for treatment I can therefore be explained in the following manner: 
Before day 5, nematodes are feeding on E. coli pGFP in preference to M. bovis BCG 
pUS1883. By day 5, they have developed to U stage, and are able to feed on both 
bacteria. Therefore there is no significant difference between density of nematodes 
on either food source. By day 8, the nematodes have reproduced, and so smaller 
growth phases are present which are unable to graze on M. bovis BCG pUS 18 83, such 
that numbers of nematodes on this bacterium are significantly smaller than on E. coli 
pGFP. 
In treatment 2, there was a significant difference (P<0.05) between the density of C. 
elegans on M. bovis BCG pUS1883 and those on E. coli pGFP for every day. This 
was unexpected, as the area available for grazing on E. coli pGFP was far smaller 
than that of M. bovis BCG pUS 18 83. 
A possible explanation for this is that the LI phases hatching on the plates were 
unable to graze on M. bovis BCG pUS 1883, and crowded on the E. coli JMI 10 area. 
The lack of available food and the high nematode density may have led to relatively 
few nematodes developing to the larger growth phases. If this were the case, few 
nematodes would be able to gaze on the M. bovis BCG pUS 1883 area, as they would 
not have reached growth stages of L2 and beyond. 
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There was no significant difference between nematode density on E. coli pGFP and 
M. bovis BCG pUS1883 in treatment 3. This could be due to two possibilities: Once 
larger nematodes had developed on the E. coli JM 110 area, they would be able to 
graze on the M. bovis BCG pUS1883 area. Smaller nematodes may not have actively 
avoided this small area, and may have passed through it quickly before grazing on the 
rest of the plate. 
Traditionally, nematodes are thought to be indiscriminate feeders, with ingestion of 
bacteria limited by the size of nematode mouthparts (Griffiths and Bardgett, 1997). 
Avoidance of some bacterial species by nematodes has been reported however 
(Griffiths and Bardgett, 1997). 
The data presented in these studies show that M. bovis BCG is unable to support the 
survival of C elegans as sole food source, as early larval stages appear unable to 
ingest sufficient quantities of bacteria. This is likely to be due to the limitations 
imposed by nematode mouthparts and the size of bacteria, rather than any repellent 
factor. Mycobacteria tend to form clumps in laboratory culture, which are sometimes 
large enough to be seen without the aid of a microscope. Unless nematodes were able 
to pick off single bacteria from these, clumps of bacteria may have been too large to 
have been ingested. 
3.3.4 Qualitative assessment of M. bovis BCG pUS1883 ingestion by C. 
elegans 
A mixture of nematodes at various growth phases were fed overnight at 15T on 1% 
agar plates inoculated with either 800ýtl of a dense (approx. 1 week old) culture of M. 
bovisBCGpUS1883 or 800gl of an ovemight culture of E. coliJMllOpGFP. 
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Nematodes were washed off the plates in sterile distilled water, and put onto glass 
slides. They were killed by brief heating over a bunsen flame, and covered with a 
coverslip, which was sealed with nail varnish. Slides were viewed using a 
fluorescence microscope (Leica). 
Figure 3.13 shows nematodes fed on E. coli JM1 10 pGFP. Fluorescent bacteria can 
be seen throughout the length of the alimentary canal. 
Figure 3.14 shows nematodes fed on M. bovis BCG pUS 1883. Only a few fluorescent 
bacteria are visible in the gut. 
Repeated experiments always showed that fewer bacteria were present in the 
alimentary tract of nematodes fed on M. bovisBCGpUS1883 than there were in the 
alimentary tract of nematodes fed on E. coli JMI 10 pGFP. Even large adult 
nematodes did not appear to have many M bovis BCG bacilli in their guts. Hence it 
appears that C elegans is less able to ingest M. bovispUS1883 than E. coliJM110 
pGFP. This is probably due to limitations imposed by the size of nematode 
mouthparts compared to that of mycobacterial clumps, as suggested previously. 
112 
Chapter 3- Results & Discussion 
Figure 3.14 Fluorescent micrograph of an adult C elegans after i-ecuing on M. 
bovis BCG Pasteur pUS1883. A few distinct bacteria expressing GFP can be 
seen at the anterior end of the nematode. A= anterior end of nematode, bar = 100 
gm. 
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Figure 3.13 Fluorescent micrograph of an adult C elegans after feeding on E. 
coli JM1 10 pGFP. GFP can be seen throughout the entirety of the gut. A 
anterior end of nematode, Bar = 100 gm 
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3.3.5 Excretion of viable bacteria by C. elegans 
To assess how many viable bacteria were excreted by C elegans after ingestion, 
nematodes were added to 1% agar plates inoculated with either 800gl M. bovis BCG 
pUS1883 or 800ýtl E. coli JMllO pGFP. Prior to addition to plates, nematodes were 
washed twice in M9 buffer, and left for 24 hours at 4'C to allow digestion and 
excretion of any bacteria remaining in the gut. 
Nematodes were fed overnight on the plates, then washed off the plates in sterile 
water, and spun down in a microcentrifuge for 3 seconds to pellet them. The 
supernatant was removed and the nematodes were washed in sterile water. 
Centrifugation and washing was repeated twice, with the final suspension being in LB 
broth (in the case of nematodes fed on E. coli) or 7H9 broth (in the case of nematodes 
fed on M. bovis BCG). 
The tubes were left on the bench to allow nematodes to settle to the bottom. At hourly 
intervals, the broth was removed and spread on either LB agar containing 50pg/ml 
ampicillin (in the case of E. coli JMIIO pGFP), or 7HII agar containing 15pg/ml 
kanamycin (in the case of M. bovis BCG pUS1883). After removal of the broth for 
assessing numbers of excreted bacteria, fresh broth was added. The process was 
repeated at hourly intervals for 6 hours. Five replicate tubes were used for each 
bacterial food source. Plates were incubated at 37T for 2 days and 3 weeks 
respectively in order to determine numbers of bacteria excreted per nematode. 
At the end of the experiment, nematodes were removed from the tubes and counted so 
that the number of viable cells excreted per nematode could be calculated. 
Table 3.4 shows the results of this experiment. At time 0, directly after the addition 
of nematodes to the broth, very few viable bacteria were present in the supernatant of 
nematodes fed on either food source. Hence it can be concluded that the numbers of 
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Table 3.4 Excretion of viable bacteria by Caenorhabditis elegans over 6 hours. 
Nematodes were fed overnight on two different bacteria, re-suspended in broth, and 
the numbers of bacteria excreted over a6 hour period determined by plating of the 
broth on agar plates. Numbers shown are per nematode. n=5. 
Time Interval E coli JM110 pGFP M. bovis BCG pUS1883 
(Hours) (average per nematode (average per nematode 
standard error) standard error) 
0 4.6 ± 1.1 2±1.6 
0-1 3040 ±242.6 12.5 ± 12.5 
1-2 93.7 ± 41.3 0.4 ± 0.4 
2-3 60.5 ±9.9 2.2 :L2.0 
3-4 165.9 ± 79.8 0±0 
4-5 46.1 ± 8.7 0 ±10 
5-6 40.9 ± 9.2 0±0 
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viable bacteria seen subsequently are due to excretion of bacteria rather than any 
bacteria adhering to the outsides of the nematodes. 
C elegans fed on E. coli JM1 10 pGFP excreted large numbers of bacteria in the first 
hour, and continued to excrete viable bacteria over the course of the 6 hour 
experiment. In contrast, C elegans fed on M. bovis BCG pUS1883 excreted very few 
viable bacteria in the first hour, and after 3 hours appeared to have stopped excreting 
viable bacteria. Seen in conjunction with the fluorescent microscopy pictures shown 
in figures 3.15 - 3.18, these results appear to indicate that M. bovis BCG pUS1883 is 
not ingested by C elegans as readily as E. coli JMI 10 pGFP. Hence fewer viable M. 
bovis BCG are excreted than E. coli JM1 10 pGFP, and also any ingested M. bovis 
BCG are removed more rapidly. 
Nematodes are thought to play a role in the transmission of some plant pathogens 
through the soil, by excreting ingested bacteria (Chantanao and Jensen, 1967). 
Although the results show that C elegans excretes some ingested M. bovis BCG in a 
viable state, it cannot be conclusively decided whether the nematodes have a role to 
play in the dissemination of M. bovis through the soil. 
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Survival of Mycobacterium bovis within Acanthamoeba castellann 
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4.1 INTRODUCTION 
Since the discovery that Legionella pneumophila was able to infect and replicate in 
amoebae (Rowbowtham, 1980), there has been increasing interest in the role of 
protozoa, and biofilms containing protozoa, as vehicles for the enviromnental. survival 
of pathogenic bacteria (Brown and Barker, 1999). 
It is now widely accepted that the intracellular survival of L. pneumophila within 
protozoa significantly contributes to its reproduction and distribution in the 
enviromnent (Winiecka-Keusnell and Linder, 1999). 
Other pathogens that have been shown to be capable of surviving and in some cases 
multiplying within protozoa (especially Acanthamoeba spp) include Chlamydia 
pneumoniae (Essig ct al. 1997), Vibrio cholerae (Thom et al. 1992), Listeria 
monocytogenes (Ly and Muller, 1990), and Burkholderia cepacia (Landers et al. 
2000). 
In 1975, it was found that Mycobacterium leprae was taken up by A. castellanii, and 
that the bacterium was able to survive phagocytosis (Jadin, 1975). Later, it was 
discovered that M., avium was able to survive within A. castellanii (Krishna-Prasad 
and Gupta, 1978; Cirillo et al. 1997) 
This has lead to speculation that protozoa may provide a reservoir for bovine 
tuberculosis on pastureland (Brown and Barker, 1999). 
The following experiments were set up to investigate the associations between M. 
bovis and A. castellanii. 
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4.2 MATERIALS AND METHODS 
4.2.1 Growth of bacterial strains 
Mycobacterium bovis NCTC 10772, M. bovis 2122/97 (the recently-sequenced strain, 
obtained from G. Hewinson, VLA, Weybridge, UK), M bovis BCG Pasteur ATCC 
35734, M. bovis BCG Pasteur pUS1883 (see chapter 2, section 2.2.2), M. bovis BCG 
Japan (laboratory collection), and M. avium NCTC 8551 were cultured at 37'C in 
Middlebrook 7H9 broth as described in Appendix 1 (Culture methods). The identity 
of the BCG strains as TB complex bacteria was confirmed using a PCR targeted to the 
ISGIO insertion sequence. 
4.2.2 Growth of protozoa 
Acanthamoeba castellanii CCAP 1501/1A was cultured in Proteose-Peptone-Glucose 
(PPG) broth as described in Appendix I (Culture methods). 
4.2.3 Infection of monolayers 
Bacterial cultures were re-suspended in Pages Amoeba Saline (PAS) (Page, 1967) 
prior to infection of Acanthamoeba with the different bacterial cultures. Numbers of 
bacteria in each culture were estimated by determination of optical density (600nm). 
Amoebal monolayers at approximately 90% confluency were resuspended using a 
sterile plastic plate spreader. Viable counts of amoebae were determined using trypan 
blue exclusion in an Improved Neubauer haernocytometer as described by Holden et 
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al (Holden et al. 1984). Amoebae were added in 0.5ml PPG to each well of flat- 
bottomed 24-well tissue culture plates (Nunc). These were incubated at IPC to allow 
the amoebae to adhere and form monolayers. 
After 2 hours incubation at IST, the PPG broth was removed from the amoebal 
monolayers and replaced with 0.5ml bacterial suspension (multiplicity of infection 
approximately 10). The plates were then returned to the incubator for 24 hours to 
allow ingestion of the mycobacteria. 
4.2.4 Fluorescence microscopy 
Monolayers that had been infected with M. bovis BCG Pasteur pUS 1883 as described 
above were resuspended with a sterile plastic plate spreader. Twenty gl of the 
suspension was put on a glass microscope slide and covered with a glass coverslip, 
which was sealed with nail varnish. 
The slides were observed to determine whether bacteria were ingested by A 
castellanii using a Zeiss Axiovert Fluorescent microscope, and pictures were taken 
using a standard 35mm camera linked to the microscope. 
4.2.5 Transmission electron microscopy 1 
11 Irl 
Infection of A. castellanii monolayers was carried out as specified in section 4.2.4, 
except that monolayers were adhered to a piece of Melinex film placed in the bottom 
of tissue culture plate wells. 
1 L. Ahonen, J. Mullerwy, and M. Dobrota, University of Surrey performed infection and preparation 
of monolayers for transmission electron microscopy. 
120 
Chapter 4- Materials & Methods 
The monolayer was fixed by adding 25% glutaraldehyde to a concentration of 2.5%, 
for 30 mins. The fixed cells were then washed in OAM cacodylate buffer (pH 7.4). 
Post-fixation was carried out in 2% osmium tetroxide in OAM cacodylate buffer for 1 
hour. The samples were then taken through a series of dehydration steps in ethanol 
(30,50,70,90, and 100%). Ethanol was then gradually changed through the 
following steps: ethanol, ethanol: propylene oxide (1: 1), propylene oxide, propylene 
oxide: Epon 812 (1: 1), Epon 812. In the last step, the Melinex film was applied on 
Epon 812 resin so that the cell monolayer was facing down. After polymerisation of 
the resin, thin sections were cut, stained with lead citrate and uranyl acetate, and 
mounted on copper grids. Sections were viewed with a transmission electron 
microscope (Philips 400T). 
4.2.6 Survival of mycobacteria in amoebal monolayers 
Monolayers (3 x 105 -3X 106 amoebae per monolayer) were infected with 
mycobacteria at an MOI of approximately 10 (bacterial numbers approximated by 
optical density (600nm) as described in section 4.2.3. Optical density measurements 
do not reflect an accurate viable count of bacteria, but rather give an indication of 
total numbers present, without regard to viability. 
After incubation, liquid was aspirated from the monolayers, which were washed with 
0.5ml PAS, and treated with 0.5ml PAS containing 100ýtg/rnl amikacin for 2 hours in 
order to remove any extracellular or adherent bacteria (Bermudez and Young, 1994). 
Amikacin was removed by aspiration, and the monolayers were washed twice with 
0.5ml PAS, with the final addition of 0.5ml PAS. This point was designated as time 
zero (24 hours after infection). 
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The monolayers were then incubated at 151C, and their condition monitored using an 
inverted light microscope. 
At intervals, PAS was removed from a set of 3 wells by aspiration. The monolayers 
were then washed twice with 0.5ml PAS. Intracellular mycobacteria were released by 
lysing the monolayers with 0.5ml 0.5% sodium dodecyl sulphate (SDS) in 
Middlebrook 7H9 broth, followed by passage through 27-gauge needles twice to 
ensure breakage of the amoebae. To determine numbers of viable mycobacteria, 
present in the lysate, dilutions were plated onto Middlebrook 7HI. 1 agar and 
incubated at 37'C for 3 weeks. 
4.2.7 Amikacin susceptibility of bacteria 
All bacteria used in infections were tested for sensitivity to amikacin. Amikacin was 
added to cultures in 7H9 broth to a concentration of 100[ig/ml. Cultures were then 
incubated for 2 hours at 15*C. After incubation, cultures were pelleted by 
centrifugation in a microcentrifuge at high speed for 20 mins. Viable counts prior to 
and after treatment with amikacin were established by incubation of serial dilutions on 
Middlebrook 7H 11 plates at 3 7'C. 
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4.3 RESULTS AND DISCUSSION 
4.3.1 Microscopy 
Acanthamoeba castellanii monolayers were infected with Mycobacterium bovis BCG 
Pasteur pUS1883 at an MOI of 10, and viewed using a fluorescence microscope 
(Zeiss). Figures 4.1 and 4.2 show that the bacteria were internalised by the protozoa, 
and appeared to be held within vacuoles. 
The same monolayers were viewed using a transmission electron microscope. Figure 
4.3 shows numerous bacteria clearly contained within vacuoles. 
Not all amoebae viewed appeared to have ingested M. bovis BCG Pasteur pUS1883, 
and the number of bacteria contained within those that had ingested them were found 
to vary from 1-20 (determined by electron micrographs). 
Unfortunately, visualisation of M. bovis within A. castellanii using electron 
microscopy was not possible due to safety constraints. It has been shown previously 
that M. avium bacilli persisting within Acanthamoeba trophozoites are also contained 
within vacuoles, and in cysts survive within the cyst walls (Steinert et al. 1998). 
4.3.2 Lysis of protozoa 
Five treatments were compared to determine the best method to achieve lysis of A. 
castelland. Amoebal monolayers at 90% confluency (grown at 15'C in PPG broth) 
were used. The broth was removed and the amoeba resuspenided in PAS by gentle 
pipetting. Viable numbers were determined by trypan blue exclusion, and the amoeba 
were put back into 24 well plates (0.5ml per well. They were incubated at 15'C for 2 
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Figure 4.2 Fluorescent micrograph of A. castellanii trophozoites infected 
with M. bovis BCG Pasteur pUS1883. Bacteria can be seen contained 
within a single large vacuole in the centre of a trophozoite. x 1000. 
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Figure 4.1 Fluorescent micrograph of A. castellanii trophozoites 
infected with Nt bovis BCG Pasteur pUS1883. The bacteria are clearly 
seen contained within vacuoles. x 1000. 
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Figure 4.3 Transmission electron micrograph of M. bovis BCG Pasteur pUS1883 
within cytopasmic vacuoles of an A. castellanii trophozoite. Numerous digestive 
vacuoles containing bacilli (arrows) are shown. x6600. Mitochondria (m); nucleus 
(n). Picture courtesy of L. Ahonen. 
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hours to allow adhesion, and then the PAS was removed and replaced with 0.5ml. 7H9 
broth. Monolayers were then subjected to the following treatments: 
1. Passage through a 27 gauge needle twice 
2.5mins incubation at room temperature with Triton X-100 to 0.3% 
3. Treatment 2 followed by treatment 1 
4.5mins incubation at room temperature with sodium dodecyl sulphate (SDS) to 
0.5% 
5. Treatment 4 followed by treatment 1 
Viable numbers after treatment were determined by trypan blue exclusion. 
The results are shown in Table 4.1. While both detergent treatments gave excellent 
lysis of trophozoites, 0.5% SDS was more effective than 0.3% Triton X-100. The 
additional use of a double passage through a 27-gauge needle after detergent 
treatment also enabled encysted amoebae to be lysed. Hence treatment 5, a5 minute 
incubation with 0.5% SDS followed by passage through a 27 gauge needle twice, was 
chosen. Further investigations showed that approximately 85.7 ± 7.1% of encysted 
amoebae were lysed by this treatment. The treatment did not have a detrimental 
effect on the viable counts of cultures of M. avium, M. bovis strains, or M. bovis BCG 
strains (determined by plating of cultures prior to and after treatments). 
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Table 4.1 The efficacy of various lysis methods on trophozoites and cysts of A 
castellanii. All detergent treatments were performed at room temperature for 5 
minutes. 
Lysis of trophozoites Lysis of amoebal cysts 
Treatment 
(% lysed) (+/-) 
2x 27G needle 30 
0.3% Triton X-100 97 
0.3% Triton X- 100 +2x 27G needle 99 
0.5% SDS 100 
0.5% SDS +2x 27G needle 100 
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4.3.3 Effect of amikacin on bacteria 
The effect of amikacin on the M. avium, M. bovis, and M. bovis BCG strains to be 
used in this study was determined. Amikacin was added to cultures at 10ORg/ml. 
Cultures were then incubated at IPC for 2 hours, after which the amikacin was 
removed by centrifugation and washing. Viable counts of bacteria before and after 
treatment were compared. The results are shown in Table 4.2. There was no 
significant difference between strains (P>0.05) in the efficacy by which bacteria were 
killed by amikacin (killing varied from 88.9% to 97.4%). Although amikacin alone 
was not fully effective in killing M. bovis within two hours, the combination of 
arnikacin with washing the monolayers; before and after the amikacin treatment in the 
following experiment is estimated to reduce the level of extracellular bacteria 
approximately 105 fold. 
4.3.4 Survival of mycobacteria within Acanthamoeba castellanii 
The survival of mycobacteria in protozoa was tested at 15*C, a temperature that is 
characteristic of soils in temperate regions during the summer months. This 
temperature does not permit growth of the mycobacteria used in these experiments. 
Firstly, the survival of M. bovis NCTC 10772, M. avium NCTC 8551, and M. bovis 
BCG Pasteur pUS1883 were compared. Numbers of amoebae per monolayer were 
2.45xlO3. Bacterial numbers were determined by optical density at 600nm, and used 
to infect amoebae at an MOI of 10. Monolayers were infected for 24 hrs, followed by 
a2 hr incubation with arnikacin (100ptg/mi), and washing of the monolayers to 
remove any extracellular bacteria. It was subsequently discovered that optical density 
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Table 4.2 The sensitivity of selected mycobacteria to amikacin. Bacteria were 
incubated for 2 hours with 100pg/ml amikacin at 15'C. rr--3. 
Bacteria Percentage killed by amikacin 
M bovis BCG Pasteur pUS 1883 97.4 ± 0.4 
M. bovis BCG Pasteur ATCC 35734 92.6 ±4.5 
M bovis BCG Japan 88.9 ± 8.4 
M. bovis NCTC 10772 92.7 ± 3.2 
M bovis 2122/97 90.3 ± 3,, 2 
M. avium NCTC 85 51 94.2 ± 2.7 
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grossly underestimated the actual numbers of bacteria, with the result that the MOI 
was in excess of 10, and giving high counts of bacteria per amoeba at time zero. 
M. avium was used as a control, since it is already documented that this bacterium is 
able to survive within A. castellanii (Steinert et al. 1998). 
Figure 4.4 shows the survival of the bacteria inside the amoebae. All three bacteria 
appeared to have survived ingestion by the amoebae at time zero (24 hours after 
infection). The apparent variability in CFU per monolayer between the bacteria at 
day 0 is likely to be a reflection of variation in the numbers of bacteria added, and of 
their viability upon addition rather than on their ability to be taken up by the amoebae. 
M. avium NCTC 8551 and M. bovis NCTC 10772 persisted for the duration of the 
experiment, such that 50% of M. bovis and 27% of M. avium bacilli found at day 0 
were recovered at day 11. Although a substantial proportion of M. avium survived, 
the decrease in numbers was statistically significant (P<0.05); the change in numbers 
of M. bovis was not statistically significant (P>0.05). Significance was determined 
by analysis of variance (ANOVA). In contrast, numbers of M. bovis BCG Pasteur 
pUS1883 recovered from the amoeba decreased markedly over the course of the 
experiment, such that, by day 11, the recovery of M. bovis BCG Pasteur pUl 883 was 
below the limit of detection. 
In a control experiment, the results of which are shown in figure 4.5, M. bovis and M. 
avium were found to survive equally well over an 11 -day incubation period in PAS in 
the absence of amoebae. There was a small but statistically significant decrease in the 
numbers of M. bovis BCG pUS 1883 from day 0 to day 11 (p<0.05). 
The apparent difference between BCG and M. bovis in survival within amoebae was 
unexpected. In this experiment, the BCG strain carried a plasmid bearing genes 
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Figure 4.4 Survival of three species of mycobacteria within A. castellanii at 151C. 
n=3, error bars show the standard error of the mean. Approximate number of 
5 
amoeba present in each monolayer was 2.45x 10 
8 
7 
6 
5: 
4 LL. 
C) 
3 
0 
-J 2 
0 
E] M. bovis BCG pUS1 883 
M- bovis NCTC 10772 
M. avium NCTC 8551 
Figure 4.5 Survival of three species of mycobacteria in PAS at 150C. n=3, error 
bars indicate standard error of the mean. 
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coding for kanwnycin resistance and Green Fluorescent Protein. In order to 
determine whether its inability to survive within the amoebae was due to the presence 
of the plasmid, the survival of two other strains of BCG, M. bovis BCG Pasteur 
(ATCC 35754) and M. bovis BCG Japan (laboratory strain), was compared to that of 
M bovis NCTC 10772. 
The results of this experiment are shown in figure 4.6. The amoebae ingested all 
three bacteria. M. bovis NCTC 10772 again persisted within the amoebae, this time 
showing 100% survival at day 14 compared to day 0. As in the case of M bovis BCG 
Pasteur pUS 1883, both BCG strains were unable to survive, with numbers of M. Bovis 
BCG Japan being below the limit of detection by day 14, and <1% of M. bovis BCG 
Pasteur found at day 0 surviving by day 14. Hence it can be concluded that the 
inability of M. bovis BCG Pasteur pUS1883 to survive within A. castellanii is not due 
to the presence of the plasmid. 
By day 14 approximately 50% of the amoebae had encysted (as determined by 
viewing the monolayer with an inverted light microscope). Given that the lysis 
method used was approximately 80% effective for amoebal cysts, the viable counts 
obtained at day 14 may be slightly lower than the actual survival due to incomplete 
release of some intracellular bacteria. 
As a control, the survival of the bacteria in PAS at 15"C was also determined (figure 
4.7). There was a small but statistically significant decrease in numbers of M. bovis 
BCG Pasteur, and BCG Japan, over 14 days (P<0.05). There was no significant 
decrease in numbers of M. bovis. 
To test whether the ability of M. bovis NCTC 10772 to survive within A. castellanii 
was limited to this strain alone, a second strain of M. bovis was compared. The length 
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of incubation was also extended to 41 days. The results of this experiment are 
presented in figure 4.8. 
Both M. bovis NCTC 10772 and the field isolate M. bovis 2122/97 survived ingestion 
by the amoebae, and persisted within them over 41 days (19% and 5% respectively of 
viable bacteria at day 0 were recovered at day 41). At day 14, approximately 50% of 
the amoebae in the monolayers; had encysted, and by day 41 all amoebae were in cyst 
form. Again, this may have lead to lowered viable counts due to incomplete release 
of intracellular bacteria. As in previous experiments, the numbers of viable M. bovis 
BCG Pasteur decreased markedly during the course of the experiment. By day 41 no 
viable BCG were detected. 
All infected amoeba were seen to form cysts during the course of the experiments, 
indicating that surviving bacilli were contained within these as well as the trophozoite 
stage. Amoebal cysts are able to survive a variety of stresses, including desiccation 
and freezing, and ingestion by amoebae has been found to protect a variety of bacteria 
from exposure to chlorine (Kilvington S and Price, 1990; King et al. 1988), and other 
biocides and antimicrobial agents (Barker et al. 1992; Miltner and Bermudez, 2000). 
It seems likely that survival of M. bovis in cysts will confer similar protection against 
chemical and physical agents, which will have implications for disinfecting cattle 
sheds after an outbreak of tuberculosis as well as for the environmental survival of M. 
bovis. 
It can be concluded that the two strains of M. bovis tested (one of which was a field 
isolate) were able to survive within the protozoan Acanthamoeba castellanii for at 
least a period of 41 days at 15'C. This temperature is characteristic of soils in 
temperate regions during the summer months. In contrast, three strains of M. bovis 
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BCG were unable to survive within A. castellanii, often falling to non-detectable 
numbers after 14 days incubation. 
The apparent disparity in the abilities of M. bovis and M. bovis BCG strains to survive 
within A. castellanii is intriguing. If the inability of BCG to survive within 
Acanthamoeba is related to its attenuation, this opens up a new avenue for 
investigation and identification of the genetic factors that are responsible for its 
attenuation, which would be invaluable for attempts to develop an improved vaccine 
against tuberculosis. 
To date, no data on the survival of M bovis within amoeba has been published. The 
data presented here indicate that protozoa could play a significant role in enhancing 
the survival of M. bovis in the soil environment, and hence may be instrumental in the 
transmission of bovine tuberculosis to cattle. 
The implications of these results to the transmission of M. bovis from wildlife 
reservoirs to cattle, and to other fields of study are discussed further in Chapter 5. 
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CHAPTER FIVE 
General Discussion and Future Work 
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5.1 Survival of Mycobacterium bovis in soil 
Previous studies have indicated that M. bovis is able to survive in soil for long periods 
of time. Genov found that M. bovis, M. tuberculosis, and M. avium bacilli were able 
to survive for 2 years when buried to a depth of 5cm, and for 11-12 months when 
buried at lcm below the surface (Genov, 1965). There do not appear to have been 
any recent studies on the survival of M. bovis in soil on pastures, although survival of 
the bacterium in tissue samples (Tanner and Michel, 1999), and on cotton strips 
(Jackson et al. 1995) has been studied. In the case of cotton strips, the maximum 
period of survival on pasture was 4 days (Jackson et al. 1995), while for tissue 
samples buried in soil, M. bovis could not be isolated after 5 days (Tanner and Michel, 
1999). These results indicate that there is a relatively short survival time of M. bovis 
outside hosts. 
Tissue samples in soil are likely to attract soil organisms ranging from bacterial and 
fungal decomposers, to larger fauna such as earthworms and beetles. Scavenging by 
flies, beetles, centipedes and worms in fact led to the loss of infected tissue from 
samples (Tanner and Michel, 1999), and may account for the disparity in isolation 
period between the experiments performed by Genov and Tanner & Michel. 
It has been generally accepted that grazing of bacteria by soil fauna will affect the 
structure of the microbial communities in soil. However the practical problems 
associated with demonstrating this have prevented a clear picture of these interactions 
being formed (Griffiths et al. 1999). There is a need for further field studies on the 
survival in soil of M. bovis occurring in badger and cattle urine, faeces, and bronchial 
secretions. To date, field studies have produced conflicting results from experiments 
that arguably do not represent situations likely to occur in nature. It is, however, 
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difficult to safely perform such field studies when using a pathogenic organism, so 
laboratory studies reproducing realistic field conditions may be a safer alternative. 
5.2 Interaction of nematodes with M. bovis and relevance to the 
transmission of bovine tuberculosis 
5.2.1 The effect of nematodes on the survival of M. bovis 
The results of this study indicate that Caenorhabditis elegans does not ingest large 
quantities of M. bovis BCG. This may be due to the inability of the worms to ingest 
the clumps that mycobacteria tend to form in culture. This explanation is consistent 
with the inability of smaller nematodes to survive on M. bovis BCG alone. 
Feeding by non plant-parasitic nematodes is through to be indiscriminate, with 
ingestion only limited by particle size (Freckman and Caswell, 1985). It has however, 
been documented that bacterial colonies can be either attractive or repulsive to, or 
have no effect on C elegans (Andrew and Nicholas, 1976). Since the data presented 
in this thesis shows that later growth phases (L3 and upwards), are able to survive and 
develop on M. bovis BCG as sole food source, this indicates that M. bovis BCG has 
no repellent or toxic effect on C elegans. Some bacteria are toxic to nematodes. 
Salmonella typhimurium, S. enteritidis, and S. dublin can kill C elegans. They 
accumulate in the lumen of the nematode intestine and nematodes die after a few days 
(Aballay et al. 2000). Chromobacterium violaceum is also toxic to nematodes 
(Griffiths and Bardgett, 1997), as are some strains of Pseudomonas aeruginosa (Tan 
et al. 1999b). 
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Mycobacterium bovis deposited on pasture in badger urine is likely to be accessible to 
soil nematodes. Urination will increase the water content of the soil, so that 
nematodes will be able to move through water films around and between soil 
particles, and access any bacteria. Faeces and urine contain large amounts of 
nutrients. When added to soil this nutrient influx creates the conditions for bacterial 
endospore germination, and replication of bacteria. The microbial activity of the soil 
will increase greatly, leading to an increase in the numbers of bacterial feeding 
microfauna such as nematodes in the immediate area around deposition sites. The 
addition of dung to soil microcosms has been shown to result in a 48-fold increase in 
the numbers of bacterial feeding nematodes (Bardgett et al. 1999). 
It must be remembered that feeding of nematodes in the soil envirom-nent is quite 
different to that in culture. In culture, there is a vast excess of bacteria, whereas in the 
soil large numbers of bacteria are inaccessible to nematodes. Nematodes require a 
water film to move in, and feed within this film. If bacteria are not within this film, 
nematodes and protozoa will be unable to feed on them. The increase in moisture and 
microbial activity provided by an influx of urine is an opportunity unlikely to be 
ignored. 
Mycobacteria are notoriously hydrophobic in laboratory culture due to their cell wall, 
which contains mycolic acids. If this hydrophobicity is evident in the soil 
environment, the bacteria may be inaccessible to nematodes. 
If nematodes are able to gain access to M. bovis in the soil, larger bacterial-feeding 
soil nematodes may be able to ingest greater quantities than C elegans was shown to 
in this thesis. 
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5.2.2 The effect of nematodes on the distribution of M. bovis 
The capacity of microorganisms to survive ingestion by nematodes and become active 
after defecation at a new location has been proposed as a mechanism for the survival 
of fastidious microorgansims in hostile environments. The nematodes Diplogaster 
nudicapitatus and Cheilobus quadrilabiatus were able to carry Salmonella and 
Shigella species through a water treatment system, protecting them from chlorination 
(Adamo and Gealt, 1996). 
Caenorhabditis elegans was found to excrete some ingested M. bovis BCG bacilli in a 
viable form. It is possible that nematodes grazing at the soil surface after deposition 
of M. bovis in badger waste could move bacilli from the surface to deeper soil layers. 
This movement would benefit the survival of M. bovis bacteria by protecting them 
from UV radiation and the desiccating effects of wind and heat. 
Although adhesion of M. bovis to nematodes was not investigated in these studies, 
Corynebacteria and Dilophospora alopecuir have been shown to adhere to the 
nematode Anguina agrostic. Microbacterium nematophilum adhere tightly to the 
nematode anal regions, and it has been hypothesised that they benefit from deposition 
at new sites (Hodgkin et al. 2000). 
For this reason, adhesion of M. bovis to nematodes warrants further investigation. 
Ingestion of nematodes by other soil invertebrates is dealt with in more detail in 
section 5.4. 
5.3 Interaction of protozoa with M. bovis and relevance to the 
transmission of bovine tuberculosis 
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5.3.1 The effect of protozoa on the survival of M. bovis 
Mycobacterium avium is able to survive within amoeba (Steinert et al. 1998; Miltner 
and Bermudez, 2000; Cirillo et al. 1997). M. avium is an environmental, 
opportunistic pathogen found in soil and water. Because the habitats of protozoa and 
M. avium overlap, it has been postulated that protozoa may play a role in the ecology 
and epidemiology of the bacteria (Strahl et al. 2001). It is surprising therefore that 
protozoa have not previously been considered as of possible importance in the 
epidemiology of M. bovis. The finding in this study that M. bovis is able to survive 
within A. castellanii, implies that protozoa are likely hosts for these bacteria in the 
environment. Although replication of M. bovis will not occur at normal soil 
temperatures, survival within amoebae, and in particular within cysts, may have 
important implications for the transmission of M. bovis to cattle. 
Amoebal cysts are extremely resistant to a wide range of agents, including 
hydrochloric acid, hydrogen peroxide, chlorhexidine diacetate, polyhexamethylene 
biguanide, and pentamidine isothionate (Lloyd et al. 2001). Little is known about the 
mechanisms of resistance of Acanthamoeba to biocides, but the permeability barrier 
of the cyst wall is presumed to be one of them (McDonald and Russell, 2002). 
Cysts are also more resistant than trophozoites to desiccation. Therefore, bacteria 
within amoebal cysts will be likely to survive longer than those exposed directly to 
the environment. 
Legionellae survive within encysted amoebae providing protection against 
chlorination (Kilvington S and Price, 1990) and a variety of biocidal compounds 
(Harb and Kwaik, 2000). This helps to explain the persistence of Legionellae in heat- 
treated plumbing systems and chemically treated sewage. 
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5.3.2 The effect of protozoa on the distfibution of M. bovis 
Amoebae can move lcm. a day, and are dispersed from original inoculum. sites in cyst 
form (Stout and Heal, 1967). Hence they could be involved in the distribution of M. 
bovis in and from the soil environment. Cysts are able to travel through air currents 
(Kilvington S and Price, 1990), and some survive ingestion and passage through the 
guts of animals (Cowling, 1994). Mycobacterium bovis (and other bacteria surviving 
within amoebal cysts, such as L. pneumophila) may be dispersed within cysts and 
spread throughout the environment in this manner. 
In this study, only one naked amoeba was investigated. Naked amoeba and flagellates 
make up the majority of protozoa in Soil (>103/ g), but ciliates and testacea are also 
found (<103 /g and -5000/g respectively) (Stout and Heal, 1967), and could also play a 
role in the survival and transmission of M. bovis. Therefore future studies should 
ideally include representatives of these groups. 
5.4 Interaction of other soil organisms with M. bovis 
Williams and Hoy showed that M. bovis survived longer in cattle faeces when 
protected from insects and worms (6 months as compared to 2 months) (Stenhouse 
Williams and Hoy, 1930). This may provide evidence that these organisms destroy 
M. bovis during feeding, or it may mean that they reduce numbers of the bacteria due 
to removal to other sites. 
The groups of soil invertebrates estimated to be of greatest significance with regard to 
their effect on microbial communities include members of the mesofauna, such as 
acari and collembola, and the larger macrofauna such as earthworms, as well as the 
microfauna (Curry, 1994). 
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Preliminary studies at the University of Surrey have indicated that earthworms excrete 
viable M. bovis BCG when fed on horse manure inoculated with BCG (F. de Leij, 
personal communication). Faeces are a highly nutritious source of food for 
earthworms, and are actively sought out by them (Stout and Heal, 1967). Hence, even 
though cattle avoid badger latrines, soil from these areas could be transferred to 
acceptable grazing points, and cattle may ingest casts containing viable M. bovis, (it 
has been documented that the amount of surface casting by earthworms in short 
pasture is high (Fries et al. 1982a)). Earthworms could therefore represent a vector 
for disease transmission between badgers and cows. Earthworm tunnels are preferred 
sites for root growth of plants (F. De Leij, Personal communication). Mycobacterium 
bovis bacilli in these tunnels could become attached to grass roots and be transmitted 
to cattle when they are ripped up during grazing. 
Soil microarthropods (collembola and mites) feed preferentially on fungal hyphae 
(Griffiths and Bardgett, 1997), and so are less likely to be involved in the distribution 
of M. bovis in soil by defecation of viable bacteria. However, they are mobile, and 
passive transport of bacteria and protozoa on their cuticle through the soil to new sites 
is possible (Griffiths and Bardgett, 1997). 
5.5 A putative infection model of M. bovis 
Ingestion of soil by dairy cattle can range from 2% - 18% of dry matter intake, and 
has been shown to be a major pathway for the ingestion of insecticides and heavy 
metals by these animals (Fries et al. 1982b; Fries et al. 1982a; Thornton and 
Abrahams, 1983). It follows therefore that any pathogens present in the soil may also 
be ingested. As previously stated, M. bovis is likely to be deposited on soil in badger 
waste. However, how cattle become infected from this point is at present unknown. 
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Data on the survival of M. bovis in soil is at best variable, and in some cases 
contradictory. The data presented in this thesis shows that the survival of M. bovis 
may be enhanced by survival within amoeba, and that nematodes could be involved in 
the distribution of bacilli through the soil. 
Figure 5.1 shows a putative infection model of M. bovis including protozoa, 
nematodes, and other soil organisms. 
In this model, M. bovis bacilli in badger urine and facces are deposited in latrines on 
pasture (1). Since cattle largely avoid grazing these areas, they arc unlikely to 
become infected by ingested bacteria at this location. 
The influx of nutrients from urine and faeces causes an increased level of microbial 
activity in the soil around the latrine (2). This would lead to the attraction of 
nematodes and protozoa (and other soil fauna) to these sites, where they feed on the 
large microbial populations present in the area. Mycobacterium bovis bacilli that 
survive ingestion may then be carried both vertically and horizontally through the soil 
within soil microfauna (3 & 4). Movement of M. bovis deeper into the soil would 
lead to an increased chance of survival, as bacilli will be protected from UV radiation 
and the desiccating effects of wind and heat. Once the faeces and urine are degraded 
the site becomes attractive to cattle again. The surviving M. bovis bacilli in soil could 
then be ingested by grazing animals. This could happen because cows not only 
ingested the grass leaves but also grass roots with adhering soil that might contain 
surviving mycobacteria. Horizontal transmission through the soil removes bacilli 
from the latrine and leads to an increased chance that they will be taken up by cattle 
through soil ingested whilst grazing (6). Alternatively, bacteria may be deposited on 
the soil surface in earthworm casts (5). 
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If bacteria ingested by protozoa (7) survive within cysts, their survival is likely to be 
extended. They could possibly be transferred to new locations (such as cattle sheds or 
water troughs) when cysts are carried in the wind. Once there, they would provide 
additional protection from disinfecting agents. 
This model can by no means be viewed as complete and substantial numbers of 
studies into the role of soil organisms in the epidemiology of bovine TB are required. 
One method for the complete identification of soil organisms involved in the survival 
and transmission of M. bovis would be by extraction and identification of soil 
invertebrates from whole soil samples. However, this would entail a great deal of 
time and expertise in the identification of soil microfauna, and as such is likely to 
prove impractical. Instead, gradually more complex microcosms could be constructed 
using selected soil organisms and adding them to soil. Soil samples to be used in 
studies could be non-sterile, defaunated and obtained from areas known to be at high 
risk from bovine tuberculosis, or sterilised and amended with M. bovis and other 
bacteria. Culture of the excreta of soil organisms, surface samples, or molecular 
methods such as PCR, could then be utilised to identify any organisms carrying M. 
bovis bacilli. This would be a large undertaking, but in the long term would be far 
more likely to identify specific soil fauna implicated in the transmission of bovine TB 
than would in vitro investigations into randomly chosen soil organisms. 
5.6 The use of A. castellanii to determine genetic differences between M. 
bovis and M. bovis BCG 
An unexpected facet to the data presented in Chapter 4 was the difference in the 
n1k bility of M. bovis and M. bovis BCG strains to survive within A. castellanii. 
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As mentioned in Chapter 1, M. bovis BCG, the vaccine strain, was produced by 
repeated passage of M. bovis on potato-glycerin-ox bile agar (Bloom and Fine, 1994). 
BCG was then sent out to various laboratories world-wide, and propagated in these 
countries in different ways. The most widely used vaccine strains in use today are 
Connaught, Danish, Glaxo, Moreau, Pasteur, and Tokyo (Japan) (Oettinger et al. 
1999). These differ biochemically, morphologically and immunologically (Mi stein 
and Gibson, 1989). 
BCG sub-strains originally distributed from the Institut Pasteur during the 1920s were 
studied from 1921 to 1930. It was found that some sub-strains had adverse effects 
such as abscess formation and excessive lymph node enlargement when administered 
to laboratory animals. Some strains were even able to kill these animals (King et al. 
1933; Dreyer and Vollum, 1931). However, between 1923 and 1933, strains appeared 
to change, such that they were no longer virulent in animals (Irvine, 1934). This 
indicates that there was a genetic change that resulted in increased attenuation of BCG 
sub-strains. It has recently been hypothesised that some of the BCG sub-strains in 
current use have been attenuated to impotence (Oettinger et al. 1999). Multiple BCG 
sub-strains confer varying levels of protection in mouse models (Gordon et al. 1999), 
and the efficacy of BCG vaccination in humans has been found to vary from 0- 80% 
(Fine, 1994), but it has never been possible to relate the varying efficacy of BCG in 
different field trials to the sub-strains used. 
Despite almost 50 years of world-wide use, the reason for the attenuation of M. bovis 
BCG is still unknown. There is very little sequence polymorphism between members 
of the M. tuberculosis complex. Recently, a number of genetic and antigenic 
variations among the TB complex bacteria have been described, by bacterial artificial 
chromosome (BAC) arrays and DNA microarrays, (Behr et al. 1999; Gordon et al. 
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1999). These can be divided into 2 classes: genome regions absent from BCG but 
present in M. bovis and M. tuberculosis, and those absent from both M. bovis and 
BCG but present in M. tuberculosis. 
Previous studies have shown that the regions designated RD l and RD2, are present in 
M. bovis but deleted in BCG (Mahairas et al. 1996). Deletion region RD1 includes 
esat-6, and cfp-10, a IOKDa protein in the same operon as ESAT-6 (Berthet et al. 
1998). This deletion is believed to have occurred prior to 1924 (Oettinger et al. 
1999) (1924 is the latest time at which the present BCG sub-strains are known to have 
a common ongin (Oettinger et al. 1999)). The RD2 deletion includes the gene 
encoding the protein MPB64 (Oettinger and Andersen, 1994), and cfp2l (Collins et 
al. 1993). This appears to have affected BCG strains after 1926, and separate them 
into 'early' and 'late' sub-strains. In addition to the RD2 deletion, a number of other 
differences between early and late sub-strains may exist. The methods of cultivation 
and propagation of sub-strains have differed substantially since 1924, and it is thought 
that genetic differences have arisen as a consequence of these, as well as due to 
adaptation to in vitro growth (Oettinger et al. 1999; Brosch et al. 2000). 
All early sub-strains, except M. bovis BCG Gothenburg, have two copies of the 
insertion sequence IS6110, whereas the late sub-strains only possess one copy 
(Fomukong et al. 1992). IS6110 elements are found outside regions RD1 and RD2, 
suggesting that other mutations outside these regions may also be found (Oettinger et 
al. 1999). 
Eight other deletions in M. bovis BCG relative to M. tuberculosis (RD3 - RD 10) have 
been identified, seven of which (RD4 - RD 10) are also deleted from M. bovis (Gordon 
et al. 1999). 
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As most of the end-points of these deletions are located inside genes that show 
homology to those in other organisms, these regions are firmly confirmed to be 
deletions in BCG strains or M. bovis, rather than insertions in M. tuberculosis (Brosch 
et al. 2000). 
Investigations into these deletions provide valuable information with regard to the 
evolution and differentiation of the TB complex. Currently, it is thought that both M. 
bovis and M tuberculosis are derived from a common progenitor (Sreevatsan et al. 
1997). These studies also provide infonnation that may lead to identification of the 
specific deletions in M. bovis BCG that have resulted in its attenuation. This naturally 
leads to the identification of genes and proteins responsible for virulence of M. bovis 
in macrophages. This can provide valuable information for use in the development of 
novel vaccines against and skin testing for M. bovis infection. 
Currently, identification of virulence genes in the TB complex is done by two 
methods: virulence tests in animals using gene knockouts, and the use of macrophage 
and macrophage-like cell lines to confirm the importance of putative virulence genes 
identified by BAC array and DNA microarray. 
Previous studies have shown that rodent, human, bovine, and ferret macrophages 
control intracellular growth of M. bovis BCG but not M. bovis (Cross et al. 1999; 
Stober et al. 2001; Aldwell et al. 1996; Rook et al. 1986). In this thesis it was 
discovered that M. bovis is able to survive within A. castellanii but M. bovis BCG is 
not. The ability of these bacteria (and that of L. pneumophila) to survive within A. 
castellanii is in a way similar to its survival within macrophages and is further 
evidence that amoebae and macrophages may have similar properties. 
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Many fundamental virulence mechanisms can be identified using non-mammalian 
hosts (Mahajan-Miklos et al. 2000). Non-mammalian host models have few of the 
ethical constraints that apply to mammalian hosts. Recent observations suggest that 
some defence mechanisms of plant, invertebrate, and mammalian hosts may be 
similar (Tan et al. 1999a). For example, P-sheet defensins are produced by 
invertebrates, vertebrates, and plants (Ganz and Lehrer, 1994; Broekart et al. 1995; 
Hoffmann, 1995), and plant proteins have been identified which share homology with 
the interleukin-1 receptor (Hammond-Kosak and Jones, 1997). 
The greater wax moth, Galleria mellonella, is sensitive to the mammalian fungal 
pathogens Aspergillus fumigatus and Fusarium oxysporum, and also to the bacterial 
pathogens Proteus vulgaris, P. mirabilis, and Serratia marcescens (Rahine and 
Ausubel, 2000; Chadwick, 1967). Plants (Cho et al. 1975), insects, and nematodes 
(Tan and Ausubel, 2000) have been used as non-mammalian hosts for Pseudomonas 
aeruginosa infection. Virulence determinants have been identified which are 
essential for killing in plants, nematodes, and mice (Tan et al. 1999a). These include 
toxA, gacA, and dsbA. 
Although A. castellanii does not represent a multicellular host model in the same way 
as the examples above, infection of this amoeba with M. bovis may still mimic that of 
macrophages. Similarities in the infection by L. pneumophila of mammalian cells and 
protozoa have indicated that the same or similar genes are utilised in both (Hales and 
Shuman, 1999; Harb and Kwaik, 2000). For example, the products of the dotficm loci 
(23 genes located on 2 unlinked chromosomal regions) are involved in the assembly 
of a secretion apparatus that transports effector molecules. Legionella pneumophila 
mutants that contain insertions in the dotlicm loci are attenuated in both macrophages 
and amoebae (Harb and Kwaik, 2000). The icin S, -G, and -F genes are also required 
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for survival of L pneumophila within macrophages and A. castellanii (Segal and 
Shuman, 1999). 
There are therefore indications that targets and cellular components within 
mammalian cells such as macrophages and protozoa are evolutionarily conserved 
(Harb and Kwaik, 2000), and the evidence suggests that amoebae may be a useful and 
accurate model for studying how intracellular pathogens cause disease in humans. 
Studies using macrophages and/or animals require specialist techniques and skills, 
and in the case of animals, large units with specially trained staff are required. These 
requirements can hamper the progression of virulence determination studies. 
Acanthamoeba castellanii is easily handled in the laboratory, and does not require 
particularly specialised media or handling techniques. As it forms cysts, it can be 
stored for long periods of time without freezing, and can also be excysted to 
trophozoite form for use within 24 hours. Therefore its use in virulence determination 
could have distinct advantages over that of macrophages or animals. 
152 
Chapter 5- General Discussion 
CONCLUSIONS 
The main conclusions from this work can be summarised as follows: 
1. Mycobacterium bovis is able to survive in sterile soil at IPC for at least a period 
of 128 days. 
2. Caenorhabditis elegans is unable to exist on M. bovis BCG as sole food source. 
3. L2, L3 and L4 larvae, and adult C elegans are able to ingest M. bovis BCG, but 
do not appear to do so as readily as they are able to ingest Escherichia coli. 
4. A small proportion of M. bovis BCG bacilli ingested by C. elegans are excreted 
in a viable state. 
5. Acanthamoeba castellanii is able to ingest M. bovis and M. bovis BCG. 
6. Two strains of M. bovis are able to survive within trophozoites and cysts of A. 
castellanii. 
7. Three strains of M. bovis BCG are unable to survive within A. castellanii. 
It is hoped that the studies presented in this thesis will provide the impetus for further 
investigations into the interactions of soil organisms with M. bovis, and that the 
results of these will advance understanding of the transmission of bovine tuberculosis 
to cattle. 
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FUTURE WORK 
The following suggestions for future work are proposed: 
9 Molecular methods to detect Mycobacterium bovis in soil should be investigated 
further. The ability to detect small numbers of M. bovis in soil samples quickly 
and accurately would greatly benefit epidemiological studies into bovine 
tuberculosis. 
9 The survival of M. bovis within Acanthamoeba castellanii cysts, and the 
resistance against chemical and other agents provided by these, should be 
analysed. Protection afforded by intracellular survival may have consequences for 
animal husbandry practices, as current disinfection procedures for, e. g. cattle feed 
troughs, may be inadequate to kill bacteria within amoebal cysts. 
9 Consideration should be given to linking studies on the survival of M. bovis in 
soil, and the association of this bacterium with soil organisms, with the badger 
culling trials currently being undertaken by DEFRA. Valuable insight into disease 
transmission may be gained by studying the environmental persistence of M. bovis 
in those areas where badgers are culled, compared to those where they are not. 
* The role of soil nematodes and protozoa, and other soil organisms, in the 
transmission and survival of M. bovis in soil should be investigated further. The 
soil flora from areas persistently affected with bovine tuberculosis is of particular 
interest. 
9 The use of A. castellanii (and other protozoans) as infection models for 
intracellular pathogens holds great potential. Further study is warranted into this 
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area, which could lead to the easy identification of virulence genes, and hence the 
development of novel vaccines. Variation in virulence between M. bovis and M. 
tuberculosis strains could also be investigated using protozoan infection models. 
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APPENDIX 1- CULTURE METHODS 
Mycobacterium bovis strains 
Mycobacterium bovis strains were maintained in Middlebrook 7H9 broth, or on 
Middlebrook 7HI. I agar at 37'C. Both media types were supplemented with 4.1 g/L 
sodium pyruvate, and 5% oleic albumin dextrose catalase (OADC) enrichment. 
Mycobacterium bovis BCG strains, and M. avium 
These were maintained in Middlebrook 7H9 broth, or on Middlebrook 7HI 1 agar at 
37'C. Both media types were supplemented with 0.2% (v/v) glycerol, and 5% oleic 
albumin dextrose catalase (OADC) enrichment. 
M. bovis BCG Pasteur pUS1883 
This strain was cultured in the same way as other M. bovis BCG strains, except for the 
addition of kanamycin (15 gg/ml) to media to select for cells retaining the plasmid. 
Escherichia coU DH5a 
Escherichia coli DH5(x was maintained in LB broth, or on LB agar, at 37"C. 
Escherichia coli JMI 10 pGFP 
Escherichia coli JM1 10 pGFP was cultured in the same way as E. coli DH5a, except 
for the addition of ampicillin (SOgg/ml) to select for cells retaining the plasmid. 
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Pseudomonasfluorescens 
Pseudomonasfluorescens was maintained in tryptone soya broth, or on tryptone soya 
agar, at 25'C. 
Caenorhabditis elegans 
Nematode E. coli DH5cc stock plates were prepared by spreading 4001A of an 
overnight culture of E. coli DH5(x onto LB agar. These plates were incubated at 37'C 
for 24 hours to allow a lawn of bacteria to grow. 
Escherichia coli JM1 10 pGFP plates were prepared in the same manner except for the 
addition of ampicillin (50pg/ml). 
Pseudomonasfluorescens stock plates were prepared likewise except for the use of 
tryptone soya agar and broth in place of LB. 
Plates were stored at 4'C until needed, and kept out on the bench overnight prior to 
the addition of nematodes to check for contamination. 
Caenorhabditis elegans were transferred from frozen stock to plates in sterile water, 
and plates incubated at 15 or 20'C. 
Nematodes were transferred to fresh plates by isolation of nematode eggs (Sulston & 
Hodgkin, 1988). 
Acanthamoeba castellanii 
Amoebae were maintained as axenic monolayers at 15'C in 20ml PPG medium, in 
175ml tissue culture flasks (Nunc). 
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APPENDIX 2- MEDIA RECIPES 
LB agar (Oxoid Tj 
Tryptone log 
Yeast extract 5g 
NaCl 0.5g 
Agar 5g 
Distilled water 11 
LB broth (Oxoid Tj 
Tryptone log 
Yeast extract 5g 
NaCI 0.5g 
Distilled water 11 
Middlebrook 7H1I agar (Becton Dickinson) 
Middlebrook 7H 11 media 11.7g 
Glycerol 5ml or Sodium pyruvate 
Distilled water 475ml 
OADC (Becton Dickinson) 5ml (added after autoclaving) 
Middlebrook 7H9 broth (Becton Dickinson) 
Middlebrook 7H9 media 
Tween 80 
Glycerol 
Distilled water 
OADC (Becton Dickinson) 
2.6g 
250pl 
Iml or Sodium pyruvatc 
475ml 
5ml (added after autoclaving) 
Proteose-Peptoite-Glticose (PPG) 
Protcose peptone 15g 
D-Glucose 18g 
PAS 11 
4.1g/l 
4. lg/l 
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Pages Amoeba Saline (PAS) 
Solution A: 
NaCl 24g 
M9SO4.7H20 0.8g 
CaC12.6H20 1.2g 
Distilled water 11 
Solution B: 
Na2HP04 28.4g 
KH2PO4 27.2g 
Distilled water 11 
Take 5ml of stock solutions A and B and make up to 11 with sterile distilled water. 
S-Basal 
NaCI OAM 
Potassium phosphate 0.05M 
Cholesterol (5mg/ml) IMI/I 
Trace Metals Solution 
Disodium EDTA 5mm 
FeS04.7H20 2.5mM 
MnC12.4H20 imm 
ZnS04.7H20 lmm 
CUS04.5H20 0.1mm 
Distilled water 11 
(Kept in the dark after autoclaving). 
S-mediunt 
S-Basal 20ml 
1M Potassium Citrate 200gl 
Trace Metals Solution 200[tl 
1M CaC12 60gl 
IM MgS04 60ýtl 
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Tryptone Soya Agar 
Tryptone l5g 
Soya Peptone 5g 
NaCl 5g 
Agar 5g 
Distilled water 11 
Tryptone Soya Broth 
Tryptone l5g 
Soya Peptone 5g 
NaCl 5g 
Distilled water 11 
Maximum Recovery Diluent (MRD) 
0.1% peptone water 
%Strength Ringer's Solution (OxoidT4) 
NaCl 2.25g 
KCI 0.105g 
CaC12.6H20 0.05g 
NaHC03 0.05g 
Distilled water 11 
All media were autoclaved at 121"C for 15 minutes at 15 p. s. i. before use, unless 
otherwise started. 
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APPENDIX 3- STATISTICAL TABLES 
Appendix 3a - MPN table for enumeration of nematodes in soil systems 
Total 
Number 
of -ve 
cultures 
(Y) 
Mean 
Fertile 
Level, x 
(= X/n) 
Mean 
Sterile 
level, y 
(=S-X) 
K x log a 
log k 
x log a-K 
Nematodes 
per 
microcosm 
1 5.75 0.25 
2 5.5 0.5 0.13 1.66 1.52 33.24 3324 
3 5.25 0.75 0.20 1.58 1.38 23.97 2397 
4 5 1 0.25 1.51 1.26 18.20 1820 
5 4.75 1.25 0.28 1.43 1.15 14.24 1424 
6 4.5 1.5 0.30 1.35 1.05 11.33 1133 
7 4.25 1.75 0.32 1.28 0.96 9.121 912 
8 4 2 0.33 1.20 0.87 7.421 742 
9 3.75 2.25 0.35 1.13 0.78 6.08 608 
10 3.5 2.5 0.36 1.05 0.70 4.98 498 
11 3.25 2.75 0.36 0.98 0.62 4.12 412 
12 3 3 0.37 0.90 0.53 3.41 341 
13 2.75 3.25 0.38 0.83 0.45 2.83 283 
14 2.5 3.5 0.38 0.75 0.37 2.35 235 
15 2.25 3.75 0.38 0.68 0.30 1.98 198 
16 2 4 0.40 0.60 0.20 1.60 160 
17 1.75 4.25 0.41 0.53 0.11 1.30 130 
18 1.5 4.5 0.43 0.45 0.02 1.04 104 
19 1.25 4.75 0.47 0.38 -0.09 0.82 1 82 
20 1 5 0.51 0.30 -0.21 0.62 62 
21 0.75 5.25 0.59 0.23 -0.36 0.44 44 
22 0.5 5.5 0.72 0.15 -0.56 0.27 27 
23 0.25 5.7 5 
124 10 ý6 1 
Mý 
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Appendix 3b - MPN table for enumeration of protozoa in soil systems 
Total 
Number 
of -ve 
cultures 
(Y) 
Mean 
Fertile 
Level, x 
X/n) 
Mean 
Sterile 
level, y 
(=S-X) 
K x log a 
log X 
x log a-K 
Amoebae 
per 
microcosm 
1 14.75 0.25 
2 14.5 0.5 0.13 4.36 4.23 17019.04 3.40E+07 
3 14.25 0.75 0.20 4.29 4.09 12272.34 2.45E+07 
4 14 1 0.24 4.21 3.97 9384.69 1.88E+07 
5 13.75 1.25 0.28 4.14 3.86 7205.47 1.44E+07 
6 13.5 1.5 0.30 4.06 3.76 5799.69 1.1 6E+07 
7 13.25 1.75 0.32 3.99 3.67 4668.18 9.34E+06 
8 13 2 0.33 3.91 3.58 3796.56 7.59E+06 
9 12.75 2.25 0.35 3.84 3.49 3112.67 6.23E+06 
10 12.5 2.5 0.36 3.76 3.41 2551.97 5.10 E+06 
11 12.25 2.75 0.36 3.69 3.32 2111.63 4.22E+06 
12 
. 
12 3 0.37 3.61 3.24 1747.27 3.49E+06 
13 11.75 3.25 0.37 3.54 3.16 1454.13 2.91 E+06 
14 11.5 3.5 0.38 3.46 3.08 1210.17 2.42E+06 
15 11.25 3.75 0.38 3.39 3.00 1009.46 2.02E+06 
16 
I 'll 4 0.39 3.31 2.93 842.03 1.68E+06 17 10.75 4.25 0.39 3.24 2.85 704.81 1.41 E+06 
18 10.5 4.5 0.39 3.16 2.77 589.95 1.18E+06 
19 10.25 4.75 0.39 3.09 2.69 493.81 9.88E+05 
20 10 5 0.39 3.01 2.62 413.33 8.27E+05 
21 9.75 5.25 0.39 2.94 2.54 346.97 6.94E+05 
22 9.5 5.5 0.40 2.86 2.46 291.26 5.83E+05 
23 9.25 5.75 0.40 2.78 2.39 244.50 4.89E+05 
24 9 6 0.40 2.71 2.31 205.24 4.1 OE+05 
25 8.75 6.25 0.40 2.63 2.24 172.39 3.45E+05 
26 8.5 6.5 0.40 2.56 2.16 144.80 2.90E+05 
27 8.25 6.75 0.40 2.48 2.08 121.62 2.43E+05 
28 8 7 0.40 2.41 2.01 102.15 2.04E+05 
29 7.75 7.25 0.40 2.33 1.93 85.50 1.71 E+05 
30 7.5 7.5 0.40 2.26 1.86 71.90 1.44E+05 
31 7.25 7.75 0.40 2.18 1.78 60.46 1.21 E+05 
32 7 8 0.40 2.11 1.71 50.84 1.02E+05 
33 6.75 8.25 0.40 2.03 1.63 42.7 5 8.55E+04 
34 6.5 
- - 
8.5 0.40 1.96 1.56 35.95 7.19E+04 
35 6 
. 25 8.75 0.40 1.88 1.48 30.23 6.05E+04 36 9 0.40 1.81 1.41 25.42 5.08E+04 
37 5.75 9.25 0.40 1.73 1.33 21.38 4.28E+04 
38 5.5 9.5 0.40 1 1.66 1.25 17.97 3.59E+04 
139 15.2 5ý ý. ý5 0.40 1 1.58 1 1.18 L 15.11 3.02E+04 
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Total 
Number 
of -ve 
cultures 
(Y) 
Mean 
Fertile 
Level, x 
(= X/n) 
Mean 
Sterile 
level, y 
(=S-X) 
K x log a 
log k 
x log a-K 
Amoebae 
. 
per 
microcosm 
40 5 10 0.40 1.51 1.10 12.71 2.54E+04 
41 4.75 10.25 0.40 1.43 1.03 10.69 2.14E+04 
42 4.5 10.5 0.40 1.35 0.95 8.99 1.80E+04 
43 4.25 10.75 0.40 1.28 0.88 7.56 1.51 E+04 
44 4 11 0.40 1.20 0.80 6.36 1.27E+04 
45 3.75 11.25 0.40 1.13 0.73 5.34 1.07E+04 
46 1 3.5 11.5 0.40 1.05 0.65 4.49 8.99E+03 47 3.25 11.75 0.40 0.98 0.58 3.77 7.55E+03 
48 3 12 0.40 0.90 0.50 3.17 6.34E+03 
49 2.75 12.25 0.40 0.83 0.42 2.66 5.31 E+03 
50 12.5 12.5 0.41 0.75 0.35 2.23 4.45E+03 51 2.25 12.75 0.42 0.68 0.26 1.83 3.65E+03 
52 2 13 0.42 0.60 0.19 1.53 3.07E+03 
53 1.75 13.25 0.43 0.53 0.10 1.25 2.51 E+03 
54 1.5 13.5 0.45 0.45 0.00 1.01 2.02E+03 
55 1.25 13.75 0.48 0.38 -0.10 0.79 1.59E+03 
56 1 14 0.52 0.30 -0.22 0.60 1.21 E+03 
57 0.75 14.25 0.60 0.23 -0.37 0.43 8.54E+02 
58 0.5 14.5 0.72 0.15 -0.57, 0.27 5.35E+02 
59 0.25 14.75 11 
11 
160 10 115 i 
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